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Extract from the Reports and Proceedings of the Ordnance Select 
Committee for 1868, page 897, vol. YI. 

^^Bbsistakob of Aia to the Motion of Projbotilbs." 

" JVb««.— Referring to Minute 23,351, p 265, vol. v. :" 
"The concloBions reported to the Ordnance Select Ck)mmittee, with 
"reference to the resistance of the air to the passage of projectiles within 
"the limits of velocities of 1,500 to 1,100 feet, and recorded in §2 of 
"the above minute,* are in accordance with the law and co-efficient 
"previously derived by the Rev. F. Bashforth, B.D., Professor of Applied 
"Mathematics to the Advanced Class of Royal Artillery Officers, from 
"experiments with his clock chronograph, and communicated in reports 
" of December 1866 and October 1866."t 



• I%e Engineer, Nov. 15, 1867. •» Reports, ^e., p. 1—17. 



PREFACE. 



Early in the seventeenth century Galileo de- 
termined the path of a projectile on the supposi- 
tion that the horizontal motion would continue 
the same as if there was no vertical motion, and 
that the vertical motion would continue the same 
ns if there was no horizontal motion. But he 
afterwards explained that a projectile would not 
actually move in the parabolic path thus found, 
partly because he had neglected to tako account 
of the resistance of the air, and partly because 
gravity did not really act in parallel lines. Mathe- 
maticians appear to have been content with this 
solution until Newton gave a matliematical in- 
vestigation of the path described by a projectile 
moving under the action of gravity and the re- 
sistance of the air supposed to vary as the velocity, 
upon which, however, he remarked, "Cseterum, 
" resiatentiam corporum esse in ratione veloci- 
" tatis, hypothesis est magis mathematica quam 
'' naturalis." As Newton did not give a soluti on 
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hicli he believed to be tlio law of nature, John 
Bernoulli inferred tlmt lie wus unable to solve 
this prob lem. Although Bernoulli gave a solution 
when the resistance of the air was supposed to 
vary as ani/ poiver of the velocity, that solution 
was of no practical use ir the state in wliicli it 



was left by its author. Moreover, aa we now 
know that the r esistance of the air do cs not v ary 
even approximately , within pract ical Innits, ac- 
cording to any singlo power of the velocity^ th is 
solution could not, under any cirnuni stances, have 
l ed to a correct knowledge of tim \siv fH n^ ' tiie rn- 
sTsfanco of the air to tUo motion of pro jectiles. 
Numerous mathematicians, as Euler, Legendre, 
Lambert, Fran<;ais and Poisson have attempted 
to find the path of a projectile when the resistance 
of the air was supposed to vary as the square of 
the velocity. These solutions did not, however, 
lead to any definite conclusion respecting the law 
and amount of the resistance of the air. The real 
advance made in the science of ballistics was due 
to Robins, who first devised means for measuring, 
in a satisfactory manner, the velocities of projec- 
tiles. Afterwards Hutton, improving upon what 
Robins had done, obtained very good results. 
Numerous experiments have been made since his 
time, the most notable of wliich were those exe- 
cuted at Metz, which formed the basis of M. 
Didion's Traite de Balistique. But the projectiles 
'/.used in those experiments were spherical shot 
//fired from smooth-bore guns, and the results ob- 
/ tained did little more than confirm the previous 
I conclusions of Hutton. 

On the institution of the Advanced Class for 
Officers of the Royal Artillery in 1861, there was 
no satisfactory work on ballistics, and no experi- 
ments made with elongated shot could be found 
which were consistent among themselves, and 
therefore deserving of confidence. The Navcz 
electro-ballistie instrument, at that time in use in 
this country, was one of the most un philosophical 
ef philosophical instruments. Feeling that the 
satisfactory solution of any question in gunnery 
depended upon the construction of a trustworthy 
fhronograph, it therefore became my duty to re- 



commend that a proper instrument should be pro- 
cured, and that a systematic course of experiments 
should be undertaken to determine, in the first 
instance, tho resistance of tho air to the motion 
of projectiles. Although I had the hearty support 
of the Council of Military Education in these re- 
commendations, I met with no encouragement 
from the Ordnance Select Committee and its asso- 
ciates, who avowed the most perfect confidence in 
their instrument and the results it afforded, which 
■were, however, of no use to me. Under these cir- 
cumstances I undertook the construction of my 
own chronograph, because it was desirable for me 
to retain completo control over my own invention, 
on account of the numerous modifications and im- 
provements which the first example of such an in- 
strument might naturally be expected to retiuire. 
However, this roughly constructed instrument far 
exceeded my expectations on its first trial in No- 
vember, 1865, with ten equi-diatant screens.* 

The chronograph, after having thus passed its 
first trial with success, was next used to determine 
the resistance of the air to elongated projectiles 
of the same diameter, but provided with various 
forms of heads. The results of these experim ents 
a jiewed that it would not be necessary, for prac- 
tical purposes^ to employ more than one form of 
head in future experimenta.t 

In tlio next place, an extended series of experi- 
ments was made with a view to find according 
to what function of tho velocity the resistance of 
the air varied, and also to determine whether the 
resistance opposed to the motion of shot did ac- 
curately vary according to the square of the dia- 
meter. The form of head of shot selected for 
these experiments was the ogival struck with a 
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radius of one difimcter and a half. The diameters 
of the shot varied from about three to nine inches. 
Also ill order to obtain great variations of velocity, 
the charges of powder used in firing each kind of 
shot were made to vary greatly. Afterwards ex- 
periments were made witii spherical shot fired 
from the guns which had been used to fire the 
elongated shot. In this way the resistance of the 
air to service projectiles was found, in a conclusive 
manner, for all attainable velocities above 900 feet 
per second. As, however, the determination of 
the law of resistance for velocities below 900 feet 
per second was of little practical importance, and 
as new arrangements of the screens would have 
been required for that purpose, it was not thought 
desirable to enter on that branch of the enquiry 
without special authority for so doing. These 
experiments were concluded early in 1869.* 

Some few experiments were subsequently made 
by me to determine the resistance of the air to 
Whitworth flat-headed projectiles in consequence 
of an application made to me from the Department 
of the Director of Artillery and Stores, Woolwich .-f 
Immediately after these experiments were com- 
pleted my chronograph was removed from Shoe- 
buryness, where it bad been four years; for, having 
succeeded in perfecting my invention, and having 
trained three officers of the Royal Artillery in the 
use of my instrument and methods of redu&tion, 
there seemed to be no reason for me to push en- 
quiries further, unle.ss the subject was taken up 
ofBcially and in earnest, as it was no part of my 
duty as Professor or Referee to invent and provide 
chronographs for the public service, or to make 
experiments, because it was distinctly stated at tlie 
first that the references themselves would always 
be "the application of analysis to some practical 

* Rejiorte, ifr., p. 18—153. f Reporls, .fc., p. 162—169. 
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"qneBtlon." For evidence of tlie uniform success 
of my instrument and methods of experimenting 
I must refer to tlie collection of my Reports, pub- 
liahed by the authority of the Secretary of State 
for War, which have been printed just as they 
were written at the specified dates. 

The original chronograph, called for distinction 
the clock-clironograph, was constructed solely with 
a view to determine the resistance of the air to the 
motion of projectiles. The labour required to re- 
duce each experiment would render this a most 
inconvenient instrument for use when it was de- 
sired to moasuTQ only the initial velocity of a 
shot, as in the proof of gunpowder, &c. But 
having received repeated applications from the 
War Office respecting a simplified form of my 
ehronograph for common use, I succeeded, after 
considerable trouble, in perfecting the gravity 
chronograph, hereafter fully described. This in- 
strument, constructed originally in a rough manner, 
has been often used in the trial of small arm 
anmiunition, aud has proved reliable and convo- 
niout to use. 

To complete the subject, I have given an ac- 
count of the way in which uiy chronograph may 
be used to measure extremely short intervals of 
time, as I wished to explain clearly to the Com- 
mittee on Explosives the right application of my 
methods to such cases. I have also given a critical 
examination of the crude form of my instrument 
which was brought forward by Captain Andrew 
Noble in 1866, and used by the Committee on Ex- 
plosives, although it must be confessed that such 
instruments, even in their best form, are not 
adapted to determine tlie pressure of fired gun- 
powder in the bore of a gun. 

The consideration of tlie motion of a projectile 
naturally divides itself into three parts — first, its 
motion in the bore of the gun ; second, its motion 



tlirough the air ; and third, ita motion during its 
penetration into a solid subatanco. In the first and 
third of these cases I liave had no opportunity 
of making any experiments whatever, and there- 
fore I have nothing new to communicate on the 
subject. The little that is known respecting the 
laws of penetration of round shot into solid sub- 
stances, is due to experiments made at Metz under 
the direction of competent mathematicians. The 
sliort chapter on the subject here given has been 
adapted from M. Didion's TraiU de Balistique. As 
to the pressures exerted by the gas of fired gun- 
powder, nothing for certain seems to be known. 
If we aro to accept the dicta of the Committee on 
Explosives, the pressure of exploding pebble-powder 
is liable to extreme variation from round to round, 
even when fired under apparently the same con- 
ditions. If this bo really tlie case, further ex- 
periments would be almost useless ; but the methods 
of experimenting pursued by tlio committee are 
far from leading to conclusive results, as is ex- 
plained in Chapter I. 

In the remaining case, the whole of tlie data 
required for the calculation of the trajectories of 
spherical and elongated projectiles used in this 
treatise have been derived from recent experiments 
made with my clock-chronograph. Tho mathe- 
matical investigations are virtually the same as 
those of John Bernoulli, published a century and 
a half ago, but great labour has been required to 
render them practically use ful. If the resistance 
of the air varied accui'atoly as tho cube of the 
velocity, and if the force of gravity acted in strictly 
parallel lines, it would now be easy to calculate 
with precision the trajectory of a shot fired at any 
inclination to the horizon. I mean that in no case 
is it necessary to have recourse to the supposition 

that — may be replaced by its mean value through 



a modera1;e arc of the trajectory, as is done by 
M. Didion* and M. Heli^f ^"^ others. Whatever 
may, therefore, be the length of the arc tlirough 
which the resistance can bo supposed to vary as 
the cube of the velocity, through that arc the 
motion of the projectile may be accurately cal- 
culated by the methodrt and tables given in this 
treatise, excepting any deviation due to the rota- 
ti on of the shot. Lt would ho easy to take account 
of the variation of the density of the air correspond- 
ing to the height of any point in the trajectory. It 
is believed that the Tables given are sufficiently 
extended for all practical purposes ; and when the 
resistance of the air to the motion of shot for 
velocities below 900 feet per second has been 
determined, it will only be necessary to furnish 
additional tables of coefficients corresponding to 
tables I. and II. 

Just now the results of my eight years' labours 
have been arranged in a form adapted for the in- 
struction of the Advanced Class of Royal Artillery 
Officers, the class itself is threatened with extinc- 
tion, inasmuch as a sufficient number of candidates 
to form a new class did not, for some reason, oifer 
themselves for examination last spring. In cou- 
sequence of this a Committee was appointed to 
consider " whether the Advanced Class is of so 
"mach benefit to the Service as to justify its con- 
"tinuance, and whether any mode of educating the 
" Royal Artillery Officers m the special branches 
"of knowledge which the class was instituted to 
"teach can be suggested in preference." The 
Committee drew up a circular letter containing 
four questions,^ copies of which were forwarded 
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}Tlia four qucBtJons were BS followa ; 
. Whether the exiEtsiice of that cIhsb, onder the present legulaEion!!, ia an 
-adiran^ge to the Boyal ArtiUer; i 

2. Whathecj^a can BUggeet any preferable way of impacting the neceaaory 
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Candidates fur appoiutiaEats ia the ScientiSu and Manufacturing 



to tbirty-four Officers of the Royal Artillery- 
varying in rank from General to Lieutenant. The 



S. Wbethsr you can Bcoouitt for the sppareat unpapaluitT ot Che Clasa in 

the RegiiiieDt? 

4. WbetheryoacuiBD^eJt any mode of indudDg OoBdidateato come torwud 
in )n«nb!r QimitieiB 7 

Maior-Geneial P. Eaidlef Wllmot, B.A, replied V> these qottUcma in the 

" Bn, Fietoria Road. Chipham Common, 9lh Hard, 1872. 
"Sir. 

"I hnTe the honnur to ifknovledge the receipt ot qocetioaa relative to the 
"Adviuice*! CIobb, Bojal ATtilLcry- 

"Ilnringalreudjr, aeaUemberof the Kfiffil CommiMion of which Lord Dnfferin 
" was Chairman, and ttl»o n a Member of the Committee of which Sir Edward 
" WanJe was Pcesidcnt, terj plainly expTEseed an opinion, after taJung a con- 
" nidombla amount of evidence. I fear that aa the reports of thfse two enqniri« 
" are not onuudered aa valuable on tliia point, I cannot state anytlung which shall 
" add to their forae. 

^^ Bnt cooHidenng that yonr reqaesC scarcely leaves room for any other conree, 
"I have Che hononr to append a few remarks in reply to the severiJ quegtlona. 

"l. Very great. It offen the opportunity of instruction to oiEcera ot a 
"character which can only beobtained by a temporary removal from the ordinary 
"datiet ot Cbe eerrice. It provides a number of t^oers well (qualified to take 
"a position among the (kJontilic men of the day, and thus natiefiBa the publio 
" that there are in a professedly scientiSc corps a certain proportion ot ofBoers 
" woithy of that character. 

'■ It ifnmiaheB, though only a ten at present, a well-mstmcted body of ofGcers 
" BO far mote fitted for the duties of tbc various denartmentB in which they are 
"required to serye, anbutitntinp Bpecific and actual knowledge for that geaenil 
"knowledge which ia poneesMd by fo many. It will cventnally bring into (he 
"departmenle more highly instructed ofHoers, and providing for a continuona 
" supply will obviate one great hindrance to widely extended real, now reaulting 
"tram the supposed nece«ity for the continued employmenC of any particnlar 
" officer beyond the period usually ordered for such service. It is a positive gain 
"to the country to have officers enpabla of being ntilized in any scientific duty 
"or enquiry, and ot meeting thoaw of otber nations in this respect. 

"It forms a oecosssry CDin[ilBment to the education now given at the Hoyol 
"Military Acndemy. especially in respect to matliemntica; audit supplies a most 
"valoabfe inducement to eierliou by holding out the reward of employment as 
" the well earned result, not *if favour, but ot ascertained qualification. 

" 8. I conclude this question does not apply to the paxtieular ' coarse,' but 
" the geneml aiTimgement under trliich the clnas is placHl. 1 do not thick that 
"any plan thHC does noli involve an entire devotion Co the i^jecial course of 
*■ inatmction, without atlempCing to carry it on with other duties, can satistaotoiily 
" effect the ohjeet. The constant iritemiiition and consequent difficulty ot making 
" steady progre™ mnst have been eitpenenced by many officers who have tried 
"various means tor obtaining advanced education. The present system is bailed 
"on a sound principle, vii,, a considerahle mathematical foundatioa imparted 
"by a highly qualified and devoted professor, aocompanied by Che systematic 
" application of thia to the practical datiea of the service. Any departure from 
" this general principle woidd, I think, be a mistake. 

"3. X conclude that ' unpopolnriCy ' is aEBumed as an npparent cause for there 
"beingcomparatively few Candidates. We are only just settling down into the 
" normal condition of peace, and consequently the effects of war and its rewards 
'' naturaUy still occupy the thoughts of otHcers as the suiest rend to advancement 
"and employment. This helps to render 'science' for its own sake less 'popular' 
" than it might be. There is a dislike aniong officers to throw their duties upon 
" others, and to npply to enter the cIobb when they know that inconvenience may 
"be entailed upon the biigade or the battery by their absence. There ia a feeling 
" that employment is not hinriily given to those Chat have qualified themselves 
"for it in this way, and that Oiose that are thus quoHfiad aia^pioj'iirlo, considered 
Ia he disqualified for such duties aa the Horse ArCillery. The great majoiity of 



Committee in their report (C. 589), presented to 
both Houses of Parliament, reeognised " the great 
" interest taken in the subject by the officera gene- 
" rally, and the importance which they (with 
"haraly an exception) attach to the maintenance 
" of some means of enabling officers of the corps 
- " to acquire that scientific knowledge which is 
" so desirable in every respect." The Committee 
practically recommended the continuance of the 
class system, which provided at Woolwich instruc- 
tion in Chemistry, Mechanics, Metallurgy, and 
Mathematics specially adapted to the wants of an 
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d sending others to do the 
ace, Liie uujectiun oi uiitwe Luut did not cure to compete 
real grieviince which now tcll^ etrongl; Bgiunitt the class 
need aeareelj add that a hearty encouragemeDt from thoaa 
"in authority and compaTBtive certainty af employment am esBenCial. Under 
" these circomBtance", due nutice being given, it is probable that candidates would 
"oome forward in sufflaient numbers, 

" In conclnsion, I need hanUy nrfer to the Bridence giren to the Royal Com- 

"offieen, the 'Adranced CIbeb' and the 'Long Course' at Sboeburyneas have 
"alwavH been referred to sa among the moat valuable arrangements, and most 
"worthy to be copied by themselvis I hold the °ame oplDiou tbnt was expressed 
"8S yeara n^ by General Lefroy and mjaelf nlien urging the formation of -a 
"Boyal Artillery Institution, that it u impossible lo mainmn it reputation for 
"being a scientific corps without some sonnd baaia un which to ground it, over 
" and above that given to Cadets. 

" It in true tlmt we have had men like Boxer and Dixon, who, without thta 
" niecial class instruction, have created departments which are the admiration of 
" the world. But they each had a special training and views far in advance of 
"the gaaeraiity of officers, so «ell known that I need not comment on them 
" I am BBtJafled that either of them would have utherwise gladly haded such 
" opportunities as this claaa affords for preparing tliem for tl«iir ftork Having 
"been in charge of a department myself it ib difficult for me to conceive that any 
" offioer can do otherwise than feel ho r enorinoua is the responflibihiv which he 
" undertakes when he represents the ipecial, ecicntific ani c liI miial kn viltdgo 

"involved in the intellipiut control ar ' -* ' ' '^ -" 

"pc«eBsing in some cases the tr ' 
" Bdentifio knowledge of the wo 
" a good Head of Department, b' 

"development of that common sense iKi lunnKiKin' n i-> 

" Bubordinates, which are necessury in ctery post of auiui- i 1 ~tii uiiiura 
" for a long time in specific employments until they have ULiiiiirtii a tLrtiim rule 
"of thnmb knowledge, and to reckon that as an cqmvalent for true scientific 
" training, does not appear the msest course, however highly they may value it, 

" I need hardly say ijiat I sbould deplora the abohtian of the clasa as a very 
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Artillery Officer, at a total expense to government 
of about £1200 per annum. Several Oflicers of the 
Royal Artillery appearing to be distressed at see- 
ing this large (?) sum of money ''swallowed up by 
"the Instructional Staff," proposed that a fevr 
Artillery Officers should be selected by examina- 
tion, and allowed to attend certain courses of lec- 
tures at the School of Mines, King's College, and 
University College, London. This formed the 
" alternative scheme" of the Committee, which, if 
adopted, would undoubtedly fail to lead to any 
reuult beneficial to the public service. 

If now the system of instruction tried during 
the last eight years could have been pronounced 
a failure, there would have been some reason for ■ 
its opponents to propose a change. But i main- 
tain that the class system, instituted in 1864, has 
been eminently successful in training for the public 
service a sufficient number of Officers of great 
ability and unwearied industry. In support of this 
opinion, I refer to the official reports on the first, 
second, and third classes — to the text books pre- 
pared by Officers who have passed througli the 
advanced class — to the valuable papers contributed 
to the Proceedings of the Royal Artillery Insti- 
tution by former members of the advanced class; 
and lastly, to the satisfactory manner in' which 
■every Officer, ivho has received an appointment 
^ftcr leaving the advanced class, has discharged 
the duties of bis office. There are certainly several 
other Officers of the Royal Artillery who have 
quaUfied by passing successfiilly the examinations 
of the advanced class, but have not hitherto re- 
ceived any appointment ; while they have seen 
Srizes, which have been held out to them as in- 
ucements to work, given to others whose scientific 
attainments had never been tested. And this goes 
far to explain the existing dissatisfaction, and tlie 
paucity of candidates for admission into the fifth 
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advanced class. It, therefore, seems to me extremely 
opportune that public attention sliould have been 
Ko distinctly called at the present time to the higher 
scientific education of Officers of the Royal Artillery, 
and to some of the discouragements under which 
professors and their pupils have so long laboured. 

As none of the civilian lecturers protend to have 
even the most elementary knowledge of the le- 
gimental duties of an Artdlery Officer, it is plain 
that their teaching is not likely to interfere witli 
the prospects of tliose Oflicers who confine their 
attention to strictly professional duties. But just 
now great changes are taking place in the arma- 
ments of all nations, and it is a question who shall 
have the direction of the changes in this country. 
Shall selected Officers of the Royal Artillery re- 
ceive, first, a higii scientific training, and, when 
found qualified, he appointed to some subordinate 
posts, where they can earrij on their educaiion, and 
avail themselves of the opportunity to apply to 
practical purposes the instruction they have re- 
ceived in Chemistry, Matiiematics, &c., so as to 
gradually fit themselves for the highest posts in the 
manufacturing departments? Or, shall the heads 
of departments be Officers who do not even pretend 
to any scientific knowledge, and who muet, there- 
fore, in deciding most important questions, be de- 
pendent for assistance upon subordinates, or in- 
ventors, or scientific men called in for the occasion. 
To me it appears that such duties would be best 
performed by Officers of the Royal Artillery, 
provided they possessed the necessary scientific 
knowledge, because they would be likely to be 
best acquainted with the wants of the service. 
And even if they did not feel sufficient confidence 
to deal single-handed with any important question, 
they would be able to consult distingui.Hhod scien- 
tific men, without being under any obligation to 
follow implicitly tiieir advice. 



The nation has suffered incredible losses of late 
years from the want of proper scientific train- 
ing in its advisers. Take the Annsfrong breech- 
loading system, a failure, upon which many millions 
sterling have been wasted. The " grip" in front 
of the seat of the shot was calculated to impede 
iJie initial motion of the shot, and therefore to cause 
the powder to exert its utmost destructive effect 
on tlie gun. It ought, therefore, to have been fore- 
seen that such a contrivance must fail. 

But in dealing with the muzzle-loaders, the 
very opposite course was taken. Some kind of 
increasing twist of rifling was adopted with a view 
to save the gun b}' facilitating the initial motion of 
the siiot. On what principle, it may be asked, 
was the particular form of increasing twist chosen ? 
Tiie failure of several very heavy guns in time 
of peace seems to indicate that an error of a very 
grave kind has been committed in adopting the 
Woolwich system of rifling for those guns. Now 
the proper form of rifling de|>ends upon the nature 
of the powder to be used. If the propelling force 
acting upon the shot could be rendered perfectly 
uniform, then the gun ouglit ts be rifled with a 
uniform twist. Consequently, if the use of pebble- 
powder has a tendency to produce uniformity of 
pressure of the gas propelling the shot, the proper 
form of rifling must approximate to the uniform 
twist. 

Quite recently we have heard much of the great 
power of a new IG-pounder field gun. When, 
liowever, the gun was tried with its proper car- 
riage, the firing of a few rounds sufficed to break 
the axles of the gun-carriages. It need hardly 
be stated, either that the strength of axles should 
be perfectly understosd, or that everything re- 
lating to the recoil of a gun, so far as it depends 
upon the weight and calibre of the gun, upon 
the weight of the shot, or upon the kind of powder. 
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OQghttobe perfectly well kuown. The present 
difficulty may be got over by increasing tlie strength 
of the axles, and so adding to the weight of the 
guu, or by reducing the charge, and so diminishing 
the boasted powers of the gun, but in either case 
the gun ceases to be what it was intended to be. 

The very numerous and costly experiments on 
the penetration of iron plates throw little light 
upon the subject, because they have been made 
on no system, by the use of shot which generally 
broke up in penetrating. Much valuable informa- 
tion might be derived from experiments carefully 
conducted on a small scale, by the help of a 
reliable chronograph, witti shot made of the 
Whitworth metal, or some other metal which did 
not break up on penetrating. 

If these and other questions of the same kind 
were made the subjects of careful expcrimentnl 
investigation under tlie direction of the best mathe- 
maticians of the day, most instructive lessons would 
be furnished to the Officers of the advanced class, 
and the conclusions arrived at would prove of 
the highest value to the nation. 1 hero oft'or 
the results of my eight years' labours, voluntarily 
carried on under many discouragements and difli- 
culties, as my contribution towards an improved 
state of things. The want of hearty official support 
has led to a great waste of labour, because 1 have 
had to do tilings for myself which ought to have 
been done for me. So long as the educational 
and the experimental departments do not work 
well together, it must be to the great disadvantage 
of the public service. 

In carrying out the experiments which form the 
foundation of the present treatise, I have been greatly 
indebted to Major-General Sir F. Abbott, C.B., 
and to Colonel (J, F. Young, R.A., as already 
stated. At Shoeburyness, on all occasions, I re- 
ceived every possible assistance in making the ex- 



periments. My best thanks are, tlicreforo, due to 
Major-Gencral F. Kardley Wilinot, R.A., to Major 
Alderson, H.A., aud to Captain Ellis, R.A. I'o 
Captain J. P. Morgan, R.A.; Captain A. Ford, 
R.A., and Captain J. Sladen, R.A., I am indebted 
tor most valuable assistauco in making the ex- 
periments and in tlie laborious work of their 
reduction. I must also express my obligations 
to the Officers of the Royal Artillery Institution for 
tlie assistance derived tVom the use of their work- 
shops in carrying out my plans. 

For further information of a more practical 
character, I must refer the reader to the excellent 
treatise recently published by Lieutenant- Colonel 
C. H. Owen, R.A., Professor of Artillery at the 
Royal Military Academy, Woolwich, on the Prin- 
ciples and Practice of JLodoru Artillery. 

Jffovember, 1872. 
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DJTRODUCTIOS, 



1. Robins made experiments about 1740 with a view to 
determine the pressure exerted by fired gunpowder. He 
came to the conclusion that when powder was exploded it 
produced about 250 times its owu volume of gaa under the 
atmospheric pressure. The elastic force of common air was 
found to be increased four-fold when raised to a temperature 
equal to that at which iron begins to be white hot. Bobins 
thence concluded that when powder filling the chamber in 
■which it is enclosed is exploded, it will exert a pressure equal 
to 1000 times that of the atmosphere.* This result was far 
below the tmth. 

2. The beat Bxperlments of this kind were made by 
Kumford towards the close of laat century. He measured 
directly the pressure exerted by the gaa at the Instant of 
explosion, and so avoided calculations based on mere hypo- 
thetical views. He employed a cylindrical barrel B (fig. 1] 
about a quarter of an inch in diameter and capable of 
containing 25J grains of fine gunpowder. The barrel, which 
was placed in a vertical position, was carefully closed by t!ie 
pressure of a heavy weight resting on the hemisphere £, and 
acting in the direction indicated Iw the arrow. The ball 
W when heated was employed to fire the charge. Various 
charges were used, and by trial it was found what weight 
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oach charge was just capable of lifting.* The unit of volume 
by wbich the quantity of powder was expreased was the one- 
tnonsaiidth part of the volume of the barrel. Suppose x to 
bo the volume of the charge of powder so espreascd, and 
y tlie pressure in pounds per square inch exerted by the gas, 
then 

3. The above formula did not, however, correctly repre- 
sent the experimental results for charges of powder more 
than sufficient to fill tbree-Hfths of the chamber. For higher 
charges the elastic force of the gas appeared to be greater 
than that given by the formula. These results of Bumford 
roust be considered highly satisfactory so far as they go, but 
it is quite possible that, if a much larger chamber and higher 
charges had been used, less heat would have been absorbed, 
and consequently higher pressures would have been registered. 
Rumford's papers are well worth a carcflil pemsal, as his 
methods are, m general, so direct and simple; but hia cal- 
culations respecting the power required to burst bis gun are 
fanciful and mconclusive. The results of Rumford, however, 
do not enable us to calculate the motion of a shot propelled 
in the bore of a gun by the explosion of powder, because, in 
general, the shot is moving while the explosion of the powder 
IB in progress, and at no time Is it possible to say what is 
the ratio of the volume of powder actually exploded to the 
volume occupied by its gas, 

4. Captain Rodman, by the help of hia pressure gauge, 
carried out numerous experiments in America to detcrrame 
the pressure exerted by fired gunpowder, but his results were 
not sufficiently consistent among themselves to merit any 
great eonfidence. He gave a very partial trial to what bo 
called his velocimeter, by which he found the law of recoil of 
the gun mounted in tho gun pendulum. This was the first 
step towards a satisfactory Hystem of experimenting. But 
the mass of the gun being too great, its initial motion was 
too insignificant to give the law of pressure of the gas with 
accuracy. 

5. Experiments were made at Essen in 1867 by General 
Maj-evski, who took another step in the right direction, but 
still he did not arrive at any satisfactory result. A Prussian 
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r breech-loading gun of 4 was used, ivliich fired an elongated 
lead-coated projectile (fig, 3). A bole was bored through tbe 
breech piece in the axis of the gun. Through this bole an 
iron rod M was passed and screwed into the ahot with which 
the gun was loaded. Arrangements were made at tbe free 
end of tbe rod M to break two wires a, a. connected with a 
Bonlcng^ Cbronoacope, and placed in certam known positions. 
In this way attempts were made to measure the times in 
which different parts of tbe bore were described by tbe shot. 
But, unfortunately, only one observation was made for each 
round fired, and that by a cbronoscopo capable of measuring 
only one interval of time. General filayevski tbus confesses 
the nn satisfactory nature of bis results : — " Les r^sultata 
" ohtcnus font voir que la im6& du trajet du premier pouce 
" est tr&a-longne et trhs-varUe^ comparativement i celles dea 
" d^placementa suivants, de sortc que lea durees que met lo 
" projectile & parcourir diff^rcnts trajeta ne peuvent fitre 

I" d^termin^es avec precision qu' h. partir d'un certain d^ 
" placement de sa position initiale. est pour ccUe raison que 
" Vorigtne dea durSes a itipriae dans laplupart des exp&rifnces 
" ft J^ rfe pouce.j et dans (/uetqiies-unea h 1 pouce de la position 
*' initiate du projectile."* 
6. Tbus the most important point In tbe experimenta wrb 
given up. But it appears to rue that if a suggestion pub- 
lished by me in 18G6 had been attended to, this difficulty 
might, ill a great degree, have been overcome. " The only 
" raetnod which appears to me to hold out any prospect of 
" success is one to wbidi Captain Rodman gate a very partial 
"trial. He mounted a gun in the old gun pendulum. A 
"cylinder was placed with its axis parariel to the bore of 
"the gun. When the gun recoiled it drew back a tracing 
"point, which marked a straight fine on the surface of the 
" cylinder at real. If, whilst tbe gun was stationary, the 
" cylinder was made to rotate, the tracing point described a 
" circle on the surface of the cylinder. If now the cylinder 
*' be made to rotate rapidly and left to itself, and if the gun 
" be fired, the point will trace out a curve on tbe surface 
" of the cylinder, tbe ordinate of which will represent the 
" time occupied by the gun in recoiling through a space equal 
"to the abscissa. Tbe law of the work done to produce 
"the recoil tbus becomes known. By measuring the initial 
"velocity of tbe shot, the total amount of work done by the 
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" powder is found. The Uw of pressure of the gaa woo^^^^ 
I "do fuund witb greater cxactueBs if the tracing point voaa 
" connected with the jirofictHe. Tliia uietliod of experiiiiCDlio^ 
*' aecms to be the oiil}' one likdy to give a satisfactory result, 
" for if tbo rotation of tlie cj-lindcr be uuifurm for tbe very 
" abort time the explosion is in proeress, there can be no 
" doubt that tl»G coordiuatea of the diagram would give ua 
'' a connection between tbe time and space j and knowing 
" tbe weigiit and the velocity of the moving body at any 
"one point, wo can tell tbe amount of pressure tbat was 
" acting upon It at any instant, or for any position. From 
"what naa been said, it is evidently of great importance in 
H " the proof at gunpowder, that besides the trial for inituU 
" velocity, (here should be some, lest of the stress thrown on 
•' the ffun."* 

7. Arrangements might be made for measunng the angular 
velocity of tlie cylinder at tbe time of firing the gun. It 
is evident tbat tbo proposed arrangement would connect time 
and s^ace in a satiafactory manner, provided (1) tbe angnlar 
velocity of tbe cylinder did not change sensibly during tbe 
progress of tbe explosion, and {'2) tbat the rod attached to 
the marking point did not stretch sensibly. If the curve was 
I one of continuous cwvature then it would be plain that there 
was no percussive action of the powder, and no "waves 
" of jrressure.^' When bigh charges were used, General 
Mayevski found that the iron i-od screwed into the shot was 
' torn asunder near the shot. Probably in any case a sbort 
. rod would have stood sufficiently long to give the initial 
motion of the shot correctly. But in order to determine the 
law of pressure throughout the whole length of the bore, 
it would be necessary to use a rod tapering in substance from 
the screwed end. In order to avoid a vai-iable amount of 
windage, it would be advisable to substitute for the solid rod 
a cylinder, from which an internal conical cavity had been 
bored. 

8. It is evident that the mass of the gun is too great, 
while the mass of the shot is too small, to admit of being 
used with perfect success in determining tbe pressure of the 
gas of exploding powder. It appears to me that the proposed 
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breech-IoaJIiig gun of Captain Morgan, R.A.,* would enable 
this diiEcnIty to be completely overeome. In this case the 
barrel is closed by a piston A [fig. 2) connected with a heavy 
niasa of metal. When the gnu is fired the shot D is driven 
forward, and the breech piece A is driven backward, while 
the barrel remains nearly stationary. Here the recoiling 
breech piece might be made 10 or 20 times tlie weight of 
the shot, and there could be no difficulty in obtaining the law 
of its recoil, from wluch might be deduced the law of the 
propelling pressure. Such an experiment would enable us 
to calculate the motion of the shot on the supposition that the' 
pressure per square inch exerted hy the gaa on the breech 
piece and on the shot were equal at every instant. By com- 
paring the calculated and measured initial velocity of the 
shot the precision of the experiment would be tested. The 
resistance due to rifling, or the friction of the lead coat, might 
be simultaneously determined from the forward motion of 
the barrel, just as the pressure of the gas was determined 
from the recoil of the breech piece. 

9. A Committee on explosive substances baa been more 
or less engaged in this country since IStiB, but hitherto 
nothing more than the moat meagre statements of their 
proceedings have been published. In the beginning of 
their labours the Committee troubled themselves to uttle 
purpose about ebronoscopes. They desired to measure the 
velocity at difi'erent points i» the bore of the gun, and from 
this they hoped to deduce the corresponding pressures of 
tile propelling gas. In the first place (Nov. 1866) tbey tried 
the Leurs instrument then just received, hut in vain.f From 
Iho Pall -Mall Gazette (July 15, 1868) it appears that the 
Committee had then become embarrassed with riches, for 
ihey had obtained a Scbultz Chronoscope, and were daily 
expecting a Noble Chronoscope. A confident hope was 
expressed that, through the instrumentality of these inventions, 
" some of the moat important prijblems relating to gunnery " 
would be solved In a satisfactory manner. Fabulous storiea 
were told about the performances of these instruments. The 
measurement of time with an error so great as the 3,000,000th 
i©f a second was easily accounted for, although in both theae 
■instruments the spark from a secondary coil was used as the 
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recording agent, -nliich, to compare small things with great, 
strikes as direclly or as capricioualy as a discharge of forked 
lightning. Thus Gloesener remarks that "relincelle ne 
" par4it paa eclafer nomialment de la poiute i la plaque ; 
" elle suit le clieniin le plus facile ou qui oppose le muins de 
"r^sistanc^, et nou pas le plus court. La direction de son 
"trajet di^pend de diff^rentes causes; de la nature, de 
"I'h^t^rog^n^it^, de I'etat hygroun/lrique, et de la con- 
" ductibilit^ du papier ; la forme, la conduct lb iUt^ de la 
"pointe et l'i5tat de I'air qui Tontoure influent sur le trajet 
"qui suit I'etincelle,"* 

10. These two chronoscopes also agree in another point, 
their cylinders are driven by toothed wheels, in the Noble 
Chronoscope " there are four toothed wheels, each travelling 
" five times as fast as the one behind it," which are used to 
impart and maintain the velocity of the short cylinders 
upon whoHe surfaces the records are received. The chatter- 
ing noise made when the instrument is at work plainly shews 
that the cylinders are in a state of excessive vibration. Up 
to the present time 1 am not aware that the Committee have 
published full particulars of a single experiment made with 
this iustrnmeut in a precise, form mtelligible to the scientific 
world. 

11. It is manifest that little reliance can be placed on 
the results given by chronoscopes where the records are 
received on the surfaces of cylinders which are subject to 
more or less vibration in consequence of toothed wheels 
being used to drive them. But there are other equally strong 
objections to the use of all chronographs whatever in the 
determination of the pressure of fired gunpowder, by means 
of obsei-vatious made at six or eight points first at one end 
and then at the other end of the bore of the gun. In order 
to determine a rapidly varying velocity it ia necessary to 
measure with extreme accuracy the short time Zl in which 

a short space Ss is described, and then the ratio ^ may he 

taken as the velocity at the middle point of the space Sa. 
But in order to determine the rapidly varying pressure of 
the gas which is propelling the shot at any moment, it ia 
necesaary to determine the inurement of velocity Su which 
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tak£s place in tune Bt, and then the ratio j- will represent 

the accelerating force acting upon the shot. Now when 
the Bpark discharged from the aecoiidaiy coil is aaed as the 
recording ageot, accuracy in space can only be secured by 
cutting the primary wires precisely at predetermined points. 
The Committee on explosives met with this practical diffi- 
culty of securing accuracy in space In the very simplest 
case when they attempted to break six primary circuits 
simultaneoitaly, for they remark that ''^ great difficulties were, 
"however, experienced in securing a simultaneous rupture 
" of the primary wires, and t/ie only metliod found perfectly 
" satisfactory was to place the whole of them on a small screen 
" close to the muzzle of a rifle ; on firing a Sat-headed bullet 
" the whole of the wires may be cut nearly simultaneously, 
"and the action of the instrument examined." If so great 
a difGcuIty was encountered in sueh a simple case, it may 
be asked what means were used by the Committee to secure, 
in actual experiment, the mpture of the primary wires by 
the passage of the shot exactly at the appointed positions. 
The contrivance, shewn in fig. 4, was used by the Committee 
for this purpose. The elongated shot A rubbed against the 
inclined plane of the sliearlng instrument D, which was half 
an inch ni length. The primary wire to be sheared is ee, 
RnAf is a aieady pin.* It Is niauifestly impossible to say 
what would be the exact positions of the shot in each case, 
when the primary wires were ruptured by such a contrivance, 

12. But suppose this first and greatest difficulty sur- 
mounted, and that accuracy in space could be secured, we 
must consider the means used by the Committee to secure 
accuracy In the records made by the spark on the rotating 
cylinders. The Committee on explosives confess that, "It 
" 18 obvious that the results furnished by an instrument 
"Intended to measure the very small intervals of time 
" necessary for the investigations in which the Committee 
" have been engaged, would he liable to he received wiUt great 
suspicion were there no means of testing the accuracy of 
the instrument ; accordingly, one of the chief objects in its 
design was to arrange that the accuracy of the indications 
''could at any time be tested with facility. "\ The cylinders 
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were Rccordiucly put in rapid rotation, the primary wires 
were cut by faring at tliein a flat-beaded buHet, a» ntarly 
aimultaneously as possible, sud the records were then ex- 
amiued. Now iu this teat it ia to be observed that tbe 
rupture of all the primary wiroa was nearly instantaneous, 
and consequently nothlDg wbatcver depended upon tbe known 
uniform and steady motion of the cyliuJerB on which tbe 
records were made, or upon the satisfactory action of the 
stop-clock. The test employed did not teat tbe instmment 
as used in any experiment. If the experiment tested any- 
thing it merely tested the value of the secondary spark as 
a recording agent, tbe value of which was well known before. 
Although It baa often been proposed to employ the spark 
from a secondary coil in similar cases, I am not acquainted 
with any results obtained by its aid In any single case which 
are of the slightest scientific value. Still it ia difficult to 
find any other more satisfactory means of making records if 
chropoacopcB are to be used in such experiments, and it 
therefore becomes necessary in tbe first place to consider 
whether the deviations of the spark from tbe normal line 
are such as would materially impair the value of the proposed 
experiments. If I bad used the secondary spark, as origi- 
nally proposed, tbe errors caused by tbe known deviation 
of tbe spark would have been sufficient to vitiate all my 
experiments made to determine the resiatance of tbe air to 
the motion of projectiles. It ia, however, extremely probable 
that tbe errors Ii) space due to the shearing apparatus would 
be far more injurious than the errors in registration by the 
secondary spark in tbe mode of experimenting pursued by 
the Committee on explosives. 

13. But the chief instrument employed by the Committee 

was the Itodinan pressure gauge, where the indenting knife 
was replaced by a copper cylinder to be crushed by the 
pressure of the gas acting on a piston of known area. This 
method has tbe great merit of being simple and direct, and, 
provided it gave consistent results, tliere would be no reason 
to dispute its value, so far as relative results were sufficient. 
But tne Committee have noticed a surprising difference 
between the recorded pressures when the cylinder to be 
compressed was placed near tbe bore of the gun and when 
placed at a distance from It, which does not appear to admit 
of a satisfactory explanation. The Committee remark that 
" In experimenting with the 8-inch gun, the copper cylinders 
" by which the pressure is measured at tbe front of the 
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cartridge have beea placed occasioQally In the snrae position 
as the Rodman kuives, which were employed tor that 



purpose daring tlic early stages of the Committee's 
penments, that la to say, they were put at the outside 
surface of the gun, instead of hcing situated close to the 
bore. In all five caaoa wlieu this was done an enormous 
increase of compressimi remiheil, tfec."* It is quite necessary 
;hat this auonialy should be explained satisfactorily before 
any confidence can be placed in llie indications of the crusher 
gauge. 

14. It is natural to enquire what means were used io 
order to deduce from a given compression of a copper cylinder 
the pressure to which it had been subjected. The Committee 
state that "A series of experiments having been made by 
" means of a testing machine to determme the pi-eesure 
" required to produce a definite amount- of compression in 
" copper cylinders corresponding to those used in the instru- 
" ment, the tabulated results furnished a means whereby the 
"amount of compression produced in the 'crusher' becomes 
" a direct indication of the pressure at that part of the boro 
'^ where the plug is inserted. "f This was certainly a very 
ready, but it can hardly be considered a sfltisfactory, way of 
determining the pressure to which the cylinders had been 
subjected. In the first place the modes of action of the 
pressure of the gas and of the testing machine are quite 
difiei'ent. It cannot he safely assuiiied that copper cylinders 
can be manufactured of such uuifurin quality that all will 
shew equal compressions corresponding to equal great pres- 
sures. The metal of which some of the cylinders were 
composed appears to have heen too soft, regard being had 
to the pressures they were intended to measure, for one ease 
is mentioned where a cylinder was compressed from 0"500inch 
to 0-285 inch in length, 

15. The Committee state that "the p u he also 
"been calculated, as before, from the v move- 
" ment in the bore indicated on the Noble t h n p and it 
" has been highly satisfactory to tind th 11 h b rvations 
" of pressure and velocity thus independ n ly k n have cor- 
" roboTated and conjlrm&i one another i? a h bl degree, 
" with the exception of certain discrepancies as regards prcfr- 
" enre, which have been confined to quick-burning powdera, 

* Prtigrtat Rtjiori, p. 7, t I'rd'iniBary Rtport, p. 8. 
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"and whicli the Committee hope to explain in their detailed 
"report."* Now it ia difficult to imagine how this mutual 
confirmation is po.tsibte, except in cases where the maximum 
pressure of the ens is attained before the shot moves sensibly 
from its seat. For iastance, it is quite imposaible for the 
erusher to confirm the pressures exhibited by the pressure 
curves of Plate IX, of the preliminary report. It is quite im- 
possible for ft chroBoacope to reveal tbo variation of preaauro 
said to exist in different parts of the powder chamber. Thus 
there were three cruaher gauges; namely, A placed in the 
axia of the gun and at the oottom of the bore, B in the bore 
opposite the centre of the charge, and C approximately in 
front of the charge. Three rounda of Waltham Abbey 
pebble powder, ot density 1'78, were fired from an 8-inch 
gun, lonJJed with a spherical shot weighing C&lbs,, with the 
following reaulta :t 



Clinrga. 


Pressure at A. 


Pressure at 


16 lbs. 


4^ tons. 


3^ tons, 


18 „ 


H » 


2i » 



n „ 

For tbeae low pressures we should expect " the cruaher 
gauge" to give particularly consistent results. But we 
cannot be aatiafiea that the pressurea indicated at ^, or at 
B, or at C, follow any law corresponding to the cliargea 
of powder which produced them. It ia unfortunate that 
charges of 14, 12, 10, &a. lbs. were not also tried. Another 
good test of the value of "the crusher gauge" would have 
been obtained if, for every round fired, crusher plugs had 
been inserted at equal inteiTala along the bore of the gun. 

16. There ia another peculiarity in the experiments made 
by the Committee on explosives. It appeara that, from the 
nature of the shearing arrangement (fig, 4) in connection with 
the Noble Chronoscope, it was found necessary to employ a 
mechanically fitting projectile. For instance, a 7-995 in. bolt 
waa fired from an 8-iuch gun. Mention ia alao made of a 
windage of 0'02 in., while the service windage ia generally 
0'08 in. Now it ia impoaaible to insist too strongly on the 
necessity of carrying out experiments of this kind under 
strictly practical conditions. The usual amount, of windage 
may afford great rehef to the gun, by allowing part of the gas 
at a high tension to escape, and so act as a s^'ety valve. 
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17. After numerous experiments made witU tlie S-inch and 
10-inch guns, the Committee on explosiFea were employed 
to measure the preesiires iu the bore of the 35-ton gun. 
When the gun had a bore of ll'Sin., 3S rounds were tired 
with shot of 701.) lbs., and charges of pebble-powder varying 
from 75lba. to ISOibs. Afterwards, with a bore of 12in., 
33 rounds were fired with shot of 700 lbs. and charges of 
pebble-powder varying from 110 lbs. to 120 lbs. After this 
an " incipient crack " was found iu the steel liniug of the 
gun. The initial velocity reached its maximum as an 
"ir6-inch guD, with 1201b. charges, when it was 1370ft. 
" per second, with a pressure on the powder chamber of 
" 47 tons per square inch ; whilst it fell oil' (o 1346 ft. with 
*' a 130 lb. charge, though it gave 63 tons pressure on the 
*' base of the projectile, showing that the extra powder was 
"unconsumed, or that the exit of the shot was impeded."* 
An explanation given in The Stamhril-f may apply in this 
case. " When the gun was tried with ISOlbs. ot powder 
" there was an idea that it failed to burn all the charge, 
" inasmuch aa the velocity iip2)e.tired to fall oflF. But the gun 
" was only once fired with this excessive charge, and it is 
" uow understood that the velocity taken on that occasion was 
^'/alfacioun, the electric screen nearest the guu being broken 
" by the blast from the muzzle before the projectile reached 
" it. Jt has been found necessary to tahe great care to prevent 
^'- a recurrence of this diaturbing cause." This is just what 
might have been expected from the very defective and un- 
trustworthy chronometric instruments used, which are quite 
insufficient for the performance of exact experiments. 

18. It is further stated that "the combined pressures 
"were 47 tons on the square inch with 120 lb. charges in 
"the 11'6-inch bore, but these were reduced to about 35 tons 
"in the 12-inch bore. Suddenly, at the eighteenth 120 lb, 
" charge, the extraordinary internal pressure of 66 tons per 
"square inch was registered in the powder chamber; and 
"the steel tube being calculated to withstand only SMons, 
"an 'incipient crack' took place in the bottom groove near 
" the seat of the shot. I have not seen all the registered 
" pressures, hut those of the last four 120 lb. charges varied 
" from 40 to GG tons, the initial velocity with 4G'8 tons pressure 
" being six feet more than when the pressure was 66 tons. The 
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"muzzle volocily and maximum pressurcR eivca by tlie laat 
"four liUlU pebble-powder charges in tlie 12-inch bore, 
" wilL 71)0 lb. projectiles, were : — 

Mfnimum pnwder-Preainire* ut 



Vslodly, 

1366 1'eet. 


ToWl Work. 


AiLs of Gun. 


Veut. 


Proje 


9059 foot-toua. 


4tia tous. 


3-V2 toufl. 


45-4 


1360 „ 


»'JTi „ 


66'0 „ 


42-6 „ 


63"2 


ViU „ 


8639 „ 


U-G „ 


34-2 „ 


46-8 


1334 „ 


8639 „ 


37-6 „ 


27-0 „ 


39-6 



" The muzzle-velocity and pressures with smaller charges of 
" pebble-powder are said not to present the same variety ; 
" probably, because the effort of the ahot to escape frcm 

"them IK more successful lleturaing to the laat four 

"121) lb. charges and the crack, let us ask, why did the 
"greatt'st pressure give the lesser velocity, if the exit of 
" the shot was not impeded ? Wfiy tliis variation in the 
'' poader-pressure at all? 

19. Further, it has been stated that Captain A. Noble, 
a member of the Committee on explosives " has fired by 
" electricity as much as f lb. of powder confined in cylinders 
" of Bteet tempered in oil. The cylinders, which were 2 in. 
"internal diameter and 1^ calibres thick, usually expanded 
" ■002" or ■003", and one as much as -Oa", external diameter. 

" Some 'crusher gauges' were placed inBide, and from 

"them, I believe, Captain Noble deduced a maximum 
" pressure of 40 tons. I do not know, however, what 
" reliance is to be placed on their indication under such 
"extreme preasures as they must have been subjected to; 
" nor can I i-ecoucile their indications with the expanding 
" of the cylinders, which is more in harmony with Itumjbrd's 
" results,^'* 

This pressure of 40 tons per square inch Is only alout 
two-thirds of that said to have been subsequently registered 
in Ihe proof of the 35-ton gun. It is undoubtedly a most 
difiScult matter to measure the pressure of the gas of fired 
gunpowder. The same powder niay, under apparently the 
same circumstances, at different times exert a pressure liable 
to extreme variations. This is, however, at present little 
more than an unsupported theory adopted to explain 
discordant results, which may in the end turn out to be due 
to the manner in which the experiments have been conducted. 
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And, regard being had to the striking porformaDcea of guna 
at long raDge?, which dtspend ao much upon the uniform 
action of the gunpowder, most thoughtful people will be 
disposed to question the results arrived at b^ the Committee 
on explosivea. Sec a valaable paper by Captam Morgan, R.A.j 
on the DetonainatioD of the Explosive Forcts of Gunpowder.* 



20. Tiie motion of a shot in the bore of a gun has been 
usnalij calculated on the supposition (1) that all the powder 
was converted into gas before the shot moved ; (2) that there 
was no escape of gas by windage ; and (3) tliat the pressure 
of the gas varied inversely as its volume for every position 
of the shot. The last pf these conditions would probably 
hold in no case, but the first two might be appi-oximately 
satisfied by the Armstrong brcecli-loading gun, where, 
however, there is an enorrooua and unknown amount of 
friction. Sometimes it has been assumed that the work done 
on the diot by the powder varied as the weight of the 
powder. But this is not approximately true even for 
moderate variations of the charge, the gun and shot re- 
maining unchanged. For instance, it was found by firing 
a hollow elongated studded shot, weighing 23-84lba., from 
a 5-inch rifled gun, that the average useful effect per pound 
of powder used was 147,921 foot pounds, for a charge | of 
the weight of the shot; 177,268 for a charge of i ; 187,032 
for a charge of ^; 170,964 for a charge of ^; and 1&9,875 
for a charge of -[^.f In this case it appears that the useful 
effect of each pound of powder attained a maximum when 
the weight of the charge was about J of that of the shot. 
Again, when a solid shot weighing 47| lbs., and of the same 
external form as the hollow shot, was fired from the same 
gun, the useful effect of each pound of powder was 170,534 
foot-pounds for a charge of J the weight of the shot ; 192,07 1 
for a charge of -J; 199,242 fur a charge of ^] and 200,834 
for a charge' of ^. Although the shot for our experiments 
with the 3, 5, 7, and 9-inch guua were very carefully manu- 
factured with a view to determine the resistance of the air, 
the guns from which they were fired would affoi-d varying 
amounts of windage depending upon their ditt'erent degrees 
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of wear and tear. Also t)io leuglhs of the boroa of tlio gnna 
did not follow any law dependent on the calibres of the guns. 
Consctjueiilly the useful effect per pound of powder obtained 
from one gun did not admit of direct comparison with that 
obtained frara another gun. 

21. It was obaert'ed by Rumford* that when charges of . 
coarse grained powder were ufted, unconsumed grains were 
frequently blown ont of the gun, wliile aome grains shewed 
clear indications of having been once ignited and of having 
been afterwards extinguished. It must be manifest, therefore, 
from tlio above examples of the behaviour of powder, that 
its explosion is not instantaneous, and unfortunately we have 
no knowledge of the law of its explosion, depending as it 
does upon its composition, upon the mode of its m.tnufacture, 
upon tho size ana form of the cartridge, upon the point of 
its Ignition, upon the state of the atmosphere, and upon 
the pressure under whlcli the explosion takes place. Powder 
will ignite, hut it will not explode in vacuo. Hence it 
appears to bo undesirable to attempt to make any mathe- 
matical investigations respecting initial velocity so far as 
it depends upon the charge and weight of projectile, especially 
as the law which governs it may be easify determined by a 
short course of careful esperiuients when the service powder 
has been decided upon.f 

But in obtaining a given initial velocity of the shot, 
i necessary to consider the stress thrown upon the gun. 
The more uniform the pressure of the gas can be rendered, 
80 as to distribute the work done on the shot along the 
bore, the better it is for the gun. A detonating mixture 
would explode so suddenly and violently that it would destroy 
the gun and perhaps fracture tho shot without imparting 
to it a high initial velocity. Gun cotton ignites so rapidly 
that all attempts to retard its combustion have hitherto failed 
to make it useful in largo charges. If tho powder ignites 
quickly the whole of the charge will be exploded during 
'iiitial motion of the shot, and the tension of the gas 
at will bo very high, but it will generally fall quickly 
as the volume of the gas is increased. Such a powder would 
try severely the endurance of the gun. But when the 

Eowdor burns slowly, as the shot moves the explosion will 
e going on in a manner calculated to sustain the pressure 

• PhUaioj/hical Trunsnclinnt, 1797, f Seporls, ^., pp. dfl, 47. 
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of the propellliig gaa throughout the whole length of the 
bore. In this way it is found that a slow burning powder 
may give even a much higher Initial velocity to a shot than 
a quick burning powder, and at the same time oxert a much 
less destructive effect on the gun. 

23. When quick burning powder was used for large guna 
it was most important to consider the initial motion ot the 
shot, so as to provide, at) far as possible, for an early increase 
of space for the gas to occupy, for the motion of the shot 
must at first he comparatively slow, and there was a danger 
that the gas, being confined m a limited space, might burst 
the gun. It seems, therefore, that the law laid down by 
Professor H^Iie was in that case a sound one ; namely, that 
every obstruction to the inttinl motion of the shot ought to 
be removed.* This consideration gave rise to the rifling of 
guns with an increasing twist. Now it is plain that modern 
rifled guns firing elongated shot have a much greater strain 
thrown upon them than the old smooth bore service guns of 
■equal caliore. But it does not yet clearly appear whether 
this is due chiefly to the increased weight of elongated shot 
and the diminution of the escape of gas by wmdage, or 
whether the rifling has any pereeptihlo destructive effect beyond 
that due to the cutting away of the metal of which the 
gun is composed. If two elongated shot were fired from a 
gun rifled with a uniform twist, one studded and the other 
without studs, under otherwise identical conditions, and if 
their initial motions were accurately determined, it would 
be clearly shewn what effect the uniform twist had upon 
the initial pressure exerted by the gas. It is known that 
the total " work done" in giving rotation to a shot is quite 
insignificant when compared with that required to give the 
usual velocity of translation, but it is not known what effect 
a uniform twist of the rifling baa upon the initial motion 
of the shot. This is a subject worthy of careful experimental 
investigation, for if the increasing twist does not sensibly 
relieve the stress upon the gun by facilitating the initial 
forward motion of the shot, it fails to eft'ect that saving of 
the gun for which it was designed. The more rapidly the 
powder explodes the greater is the apparent necessity for 
an increasing twist in the rifling ; and, on the other hand, 
the slowly burning powder recently introduced into the 
-service must tend to to diminish the practical importance 

* nHic Traite, p. 400. 
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of the increasing twiat, uid perhaps render it entirely 

24. It is undoubtedly riglit iu principle to free the 
initial motion of the shot, ho far as possible, from all needless 
obstruc^tions. Tbo iiicrcaaing twist has, as we have seen, 
boon tried in deference to this principle, only it is at nrcaent 
doubtful whether the advantages secured by its aaoption 
counterbalance tbo practical disadvantages of its oniploynient. 
But the Armstrong system of breech-loading ignored all 
considiTHtiona of this kind, for a "grip" in the bore was 
placed just in front of the scat of the shot, while the shot 
was covered with a thin coating of lead to take the rifling. 
Ad uxpcrimont was made at Woolwich in 18G5 to determine 
the statical prosBure required to force a l2-poand shot along 
the boro of an Armstrong breech-loading gun.* It was 
found that a pressure of from IC'25 tous to 20 tons was 
necessary to force a cold 12 lb. shot through the "grip" in 
front of the shot chamber, and a pressure of from 3 to 5'5 tons 
to force it along the bore. It is plain that the shot could 
not move forward before the tension of the exploding powder 
was sufficient to exert a pressure of 16 tons on the base 
of a 3-inch shot, and even after that the shot would move 
slowly. This would cause no great a hssoftiiae that pro- 
bably the whole of the powder would be exploded before 
the shot had moved sensibly from its seat, and consequently 
i\i& giis would ejxrt ita greatest possible destructive fora upon 
the gun. This error in principle, combined with the use of 
the destructive powder formerly in use in, this country, 
termed poudre hrutale or poudre briaunte on the continent, 
seems to be (juite sufficient to account for the failure of the 
Armstrong system. The 12-pounders firing shot 3 inches in 
diameter and the 40-pounder8 tiring shot of 4| inches in 
diameter appear to have been so far encouraging, in the 
first instance, that the Kngbsli Government proceeded with 
the manufacture of IlO-pounders firing lead-coated pro- 
jectiles 7 inches in diameter. General Peel has stated that in 
1860-1, £2,830,625, and in 1861-2, £3,006,049, were spent 
in the manufacture of warlike and miscellaneous stores, " a 
"great portion of which was for the 110-poundcr Armstrong 
"guns which had been adopted" vnthout any sufficieixt trial. 
'" ■ i failures merely led the late Ordnance Select Cora- 
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mhtee to aearcli for a more enJurlng metal of wbich to form 
tbeir breecli pieces. 

25. The faihiro of the 7-incIi Armstrong Lreecli-loaders 
led to the adoption of the muzzle-loading Bystem for T-inch 
guna and for those of larger calibre. As it waa imposBible to 
Use lead-coated projectiles for muzzle-loading guns, it became 
aecesBary to try other kinds which have been found to give 
equally good results. After the large muzzle-loading guna 
Iiad proved suc«essful, the same syi^tem was adopted even 
for field-guns, and thus the Armstrong system was completely 
Buperaeded, Still it appears that the question of ureech 
versus muzzle-loading for large guns fans not been finally 
settled. The recently introduced slow burning powder 
requires a long bore for its useful consumption, wfaile the 
limited apace in forts and ships reatricta very much the 
lengths of muzzle-loading guns. 

26. Inasmuch as Krupp has manufactured breech-loading 

guna of SJ inches bore tiring lead-i'oat/vi shot of .WO Ihs., which 
Buccessfully competed at Tegel with the Woolwich or muzzle- 
loading gun of 9 inches bore, it Is plain that the failure of 
the Anustrong system for 110-poundera cannot be simply 
ascribed to the use of lead-conted projectiles. Neither can 
it be supposed that Krupp's success is duo to the superiority 
of -the metal of which he constructs his guns. It may be 
asked, doe.'; he contract the bore of his gun just !n front 
«f the shot, BO as greatly to impede its initial motion? 

27. Sir William Armstrong, In his address as President 
' the Institution of Mechanical Engineers in 18t)S, when 

Ipeaking of gunpowder, confessed that a new light had just 

"dawned upon the subject," which altered the prospect. A 

^comparison of dates loads to the conclusion that this new 

Blight was derived by him from the results of the Tegel 

^experiments, during the progress of wbich it was proved 

Etthat a slow burning powder might be found, which would 

^throw less stress upou the gun and give a higher initial 

^elocity to the shot than the quick burning powder in use 

Ein this country. The different effects produced by different 

BWcplosive agents long ago suggested that there might be 

Ninerent degrees of violence exerted by powders which gave 

r&e same initial velocity to the shot. Shortly after I was 

^appointed referee to the Ordnance Select Committee in 18G4, 

B'l in Tain suggested that a few inexpensive experiments 
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aboald be miido to dctcnnino llio Uw of explosi«ii of 
pinpowdcT. An no ntti.'ntinn wlialcvcr was paid to my 
rccoinnieuilalion, whrn I w&h writing a deRcription of 1117 
chrono|rnipb in IHfiti, I took ibc opportunity to record jbj 
opiuion OS follows: — "From what has been siud, it u 
** evidently of grviil imjxirtutci! in tlie proof of gunpowder 
"that, bcnidoi tho trial for initial velocity, there eliould be 
"w?nii= l-«t of (lie ttresa Uiroum on tlm gu7t."* At present, 1872, 
two lluuleii}'*? clirmiuitcopt's tm used to measaro the initial 
velocity of the proof shot, and the crusher gauge is used to 
mcnsuro the maximum pressure of pebble-powder. If snch 
a system, ffiving ruUahfe rmulln, had been introduced ten 
years ago it might bave saved many milHoDS of money and 
majiy vain attempts to transgress the laws of nature. 

28. If, as seems probable, the progress of events should 
render it necessary to reconsider the system of breech-loading, 
it is to bo hoped that lead-coated proiectilea will be abandoned 
and that the same kind of shot will be used for one bore, 
bo the gun loaded at the muzzle or the breech. The lead- 
coated projectiles are said to have tbe good property of 
preventmg the scoring of the guns, while the objections 
urged against their use are numerous and important. If 
the same shot was made suilablc for firing from a breech 
or a muzzle-loading gun, tha two systems mi^ht be in use 
at the same time without causing any confusion, and that 
system might Bnalty be adopted which seemed to be best 
adapted to the wants of the service. 
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CHAPTER 11. 



ON THE MOTION OF A PROJECTILB IN VACUO. 

29, In our investigations we shall suppose gravity to act 
in parallel lines and to exei^t a constant accelerating force, g. 
The projectile will therefore move in the vertical plane in 
which it is projected. Let the point of projection be taken 
as the origin, and let x^ y be the coordinates of the centre 
of gravity of the projectile at the time ^ the axis of y 
being vertical and that of x being the horizontal line in 
which the vertical plane of projection intersects the horizontal 
plane through the origin. Let also V be the velocity and 
a the angle of projection. 

The -equations of motion are 

d*x ^ dhi 
Intep^ting, we have 



(ix 

-^ = const. = V cos a 

at 

dy -^ . 

-^ ^ const. —gt^V mkCL—gt 



(!)• 



Also x= FiJ cosa, and y=VtmiOL — \gf (2), 

because when f = 0, a; = 0, and y = 0. 

These two equations (2) give the coordinates of the pro- 
jectile at any given time t. Also the velocity v may be 
found from equations (I), for 



"-©-©^(i) 



= P cos'-a + { V &m*a - 2gtVa.na-\- ff] 

= V*-2g{tVuna-\ge)=V-2gy (3). 

C2 
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EliminiliBg ( bctwcon equations (2), wc h«Ta 



the equation to llio path of the projectile, which is r parabola 
with its oxiit Tertical. 

30. The equation to a paraboU with its axis parallel to 
the axis of y, its latua rectum l, and its vertex A at the 
point AA, is 

iT-hf = l[k--s), since PaW = I x AN {Gg. 5) ; 
or x^-ixh + h^'i'lk-ty. 

If this curve passes through tlie origin, tlie couditioD x^Q 
when p="0 gives A'=Hr, leaving J/~-t ^- -j^' Compare 

ing this with (4] and equating coefficients of like powers 
of X, we have 



from which it appears that 
. F- sin 2a , V 

2ff » : 



-, and l — - 



Or, the equation (4) may be put under the form 

/ F-sinaaN" 2P 



\ -'a I 9 

So that tbe coordinates of the vertex are 






The coordinates of the focus of the parabola are 
7i = — sin 2a, 



and 
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Tbe height of the directrix above the horizontal plane 
through tbe point of projection =i + - = — = HX. 
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Now the velocity acquired by a body falling freely from 
rest through a height tip 

.V12?x.i.)-y{2J(^'-J)}-V(^'■-2OT) 

equals the velocity which the projectile would have In Its 
pathat the point p, by equation (3) of Art. 2!f. 

31. To find the range on a horizontal plane passing 
through the point of projection we hare y = 0, and equation 
(4) becomes 



= x tana- 



2 V coa'a 



which gives x = ( 



ar , 



,a=Ofl(fig. 5). 
In oirder to find the time of flight we observe that the 
horizontal velocity = — = Fcosa is constant, and therefore 
the time in which the range x is described 
- ^ 2 r Bin a 
V coaa ff 
And generally when the shot has reached a point whose 
abscissa is x, the time of flight =t = -^ by equation (2). 

32. If it be required to find the range and time of flight 
on a horizontal plane at the distance k' above the point of 



projection we have -^ Ic — x ia.no. 
which gives 

V aina cosa /f2l'* coa' 



, an equation 



/fsr'cos'a / ,, V* 8in'a\l 



If ft' be + and < — ~ ■ this eqiiatiou gives two real values 

of ar, On and On\ corresponding to the ascending and descend- 
ing branches (fig. 6). 

If k' be + and = , then the two values of x are 

equal, or the shot just touches the plane at A. 
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If k' be + nud > — , then bolh tkIucs of x are im- 

possible Miul th« projectile nover rftu-licrt tlie pUne. 

if k' be iiL-;;utivc, or if the piano be belout tbe point of 
projcctinii, ihire arc alwaj-a two real vnlues of ic, as Oui, Om; 
Out giviiif; tlint point iu whicli the. trajectory would tnttrdect 
tbe given [iliinu if it was pnxluL'ixl backwards iu Oj'. 



.^3. In tlic sttine manner wo mast pmcecd if we wish 
fo find where a k'''*i projectile will strike a given object 
represented by llie equation i/=/{x), for we have two 

equatioua >/ = x tana— ■-•, , and y=f[x), given to find 

IT and 1/. 

We have found tbe range on the horizontal plane 

X = — sin2a, where for a given value of V it Is plain tfiat 

X will be a maximum when Bin2a=J=8in|7r or wbcna=jT. 



34. The inclination $, of the path of the projectile to 
the horizon corresponding to the time (, is given by equati*" 
(2), for 

dy 

„ ily dt Vsiaa — qt 
i&a8 = -f = -7-= — ,, - -^ 
ax dx V cosci 

Tt 

in terms of ( and known quantities j or differentiating equation 
(4) we obtain 



le to I 

I 



lud known quantities. 



35. It may be useful to treat the motion of a projectile 
in vacuo in the same manner as we shall treat the motion 
of a projectile in a resisting medium. The equatio 
motion arc 

d*x „ d'y 

dF = '' df'=-^' 



fT'vmff 



' dc ^ 
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Let W=i> = | = |, 

dt 
then 

dx d^y dy d^x d^y 
dp _ dt dt^ ~ ~di 'dF _ df _ (^ ^ ^ 

\dt) \dt) \dt) 

^x. n dx F* cos' a 

therefore ^- = , 

dp g 

Ay . 



9 
Also since -^ =jp, 

f J F'cos'a r , 

y=j pdx = ^^ ^pdp 

For the time we have 

dt _ dt dx _^ 1 F' co8*a Fcosa ^ 

c^ dx' dp Fcosa g g ' 

therefore t = - ^^^ U = - ^^-^^ 'f (1 + tan*^) d9 

_ Fcosa . ^. 

The numerical values of *X^ = 'X^ — ^X^^ for the ascend- 
ing branch ; and for the descending branch 'X^^ = 'X^ + °X^. 
In the same manner the numerical values of *1^® and *T^ 
may be found in the Table 7 = 0*00, p. 40. 
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CHAPTER III 



OS THE RESISTANCE OF THE AIR. 

36. The reiMsived theory of the resistance of tlie air to 
tlie inotioii of bodii^a is unsatUfactory 111 the extreme. It 
i«i based on tho erroticous suppoaition that tbe mov-iug body 
dLsturba those particles of lur alutie which liv in its wuy, and 
no account ia taken of the condensation of air in front of 
the body, or of tbe lateral disturbance, or of the disturbance 
propagated through the air, when the velocity of the dia- 
turbiug body is below tbe velocity of tbe sound wave. 
Although the form of the rear of the moving body is knowu 
to mouity the resistance opposed to its uiotioa by the air, 
no account is taken of that matter in the commonly received 
theory. It is further probable that the amount of the re- 
sistance of the air to the motion of a body, at a given 
vekicity, will ill some measure depend upon whether tbe 
motion of tbe body is being uccelvrafed or retarded. In con-- 
eequence of these difficulties, it tiaa long been felt that actual 
experiment would alone determine the resistance of the air 
in each particular case with satiafactory accuracy. The im- 
portant eflect of tbe air in modifying the motion of projectiles 
lias caused numerous experiments to be made with a view 
to determine the amount of its resistance to the motion of 
spherical balls, and, more recently,, to the motion of elongated 
shot furnished with various forms of beads. 

37, The earliest of these esperiments of auy value were 
made by Kobius (J742), aud by Hutton (1783--91). They 
were reiuarkably successl'ul, considering the inbereut. defects 
of the ballistic pendulum, which was used by them in the 
measurement of velocities. In order to determine the resis- 
tance of the air to a projectile, it ia necessary to iind the 
velocity lost by it in moving through a given distance. But 
as tbe ballistic pendulum allowedT only one velocity to be 
measured for each round, it was necessary to Sre a number 
of rounds with the penduhmi placed at one distance from the 
gun, and afterwarriH, having changed the distance between. 
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the gun and tlie peuduliiui, to fire anutht>r set of rounds 
nuder as nearly as possible the same conditions. The dis- 
tance between tbe gun and pendulum in Hutton's experi- 
nienta varied from 30 to 430 I'fct. Tlje weights of his )ij)he- 
ri'cal balls varied from about 1 to G lbs., and their diametem 
from 2 to 3| inches. In the course of tbeae experiments, 
the weight of the pendulum was increased from about 500 
to 18tK)lba. AltbougU a gun may be charged to all appear- 
'xnce in the same inaniier each time, there will in general be 
found to be considerable variations in the initial velocities 
cf the shot, which are important when exact experimenla 
are being attempted with tbe aid of the bailiatic pendulum. 
As the distance betn-eeu the gun and tbe pendulum is In- 
■eased, the difficulty of ipnking the shot strike the receiver 
properly !s aUa increased. The ballietic pendulum also limits 
the weiifhtH of the shot which it ia possible to. use in ex- 
iperimeuts of this kind. 

38. In 1839 and 1840, experiments on the resistance of 
tile air to the motion of epherical shot were carried on at 
Hctz, by order of the French Minister for War, by a com- 
■ 'on of which MM. Piubert, Morin, and Didion were 
, members.* The weights of tbe projectiles used in these 
experiments varied fioni about 11 to 50 lbs., and their dia- 
meters from 4'0 to 8'7 inches. The distance betweeu the 
raa and the ballistic pendulum varied from about 50 tu 
130 feet. The mean weight of tlie receiver was nearly 
six tons. 

9. M. Didiou has given a comparison between the 
Hesults obtained at Metz and those derived from the pre- 

I experiments of Robins and flutlon by a careful re- 
calculation of their observations. Didion's expenments gave 

0-02694 (1 +0-0023i'l when the shot moved with a velocity 
of B metres per second. Tbe experiments of Hutton made 
with one pound balls gave p' = 0-U2693(l + 0'002587u), and 
^ose of Itobiiis, made with small-arm bullets f inch in 
diameter moving with low velocities, gave the same result 
as the Metz experiments. But tbe experiments of Hutton 
made with balls of three and of six pounds, as well as those 
of Jiobins made with small-arm bullets moving at high 
iTelocities, appeared to give higher values of p. M. Didiou, 
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tliemfure maJc the 6rit term in the value of p' coDBtAnt in 
r11 cases aiki] = (VOa?. Then puttiug p = 0-037 (1 + jrc), and 
giving p' ita ex per! mental value, and subatituting for v tbe 
infan velocity of the shot during the expenment, the numc- 
rinal value of x was determined in each case. In this waj it 
was found from Ilutton's experiments with balls of one ponDiI 
moving with a mean velocity of AOO metres per second, ibat 
X = 0'U0257 ; with balls of three pounds moving with a mean 
votocily of 430 metres per second, that a*= 0-00274 ; and with 
balls of six ponuds moving with a mean velocity of 450 
melrcs per second, tliat J) = (>'00a72. Tbe experiments of 
llobins made with small arms gave, for a mean velocity of 
455 metres per second, j: = 0'0046I. In conclusion, M. Didion 
adopted the formula p' = 0-027 (l +0-0023c) as the result of 
the moat recent experiments made at Metz, by the use 
of service -projectiles, by the aid of iustruments of tbe 
greatest precision. Applying now the formula of M. Didion, 
p' = 0-027 (1 +0-0C23u), and also the new formula derived 
from the mean of Uutton's experiments with three and six 
pound balls, p' = 0O27 [l 4 0-00273j)), to calculate the re- 
sistance of the air to a spherical shot 10 inches in diameter 
moving with a velouitv of 1400 feet, we find that M. Dldion'a 
formula gives 1088 lbs., and that the formula derived by 
him from Uutton's experiments gives 11 89 lbs. Kecent ex- 
periments have given 1204 lbs.,* shewing that Hutton'a 
experiments were more exact ttiau those of Didion, which 
fact leads to the conclusion that Huttou bad reached tbe 
limiting weight of shot which could with advantage be 
employed in conjunction with the ballistic pendulum. Not- 
withstanding this, very large balllMic and gnn pendulums 
were constructed at tbe Elswick engine works in 1855 for the 
experimental establishment under tbe Ordnance Select Com- 
mittee at Shoe bury ncss, which were " designed to afford 
"data for calulating the initial velocity of cannon shot." 
But these monsters have never been used for the purpose 
for which they are said to have been designed.! 'I'his 
is probably the most costly ballistic pendulum that ever was 
constructed. Elaborate models of these unused instruments 
may be seen in the Rotunda at Woolwich, which are said 
to have cost £800. 



» Reporls^c, p. 121. 

t Bince the above woa written I have beui infoimed tbat tbesa bsUiettc 
pendnlmne hsTe bean taksQ down, as tlie sbeila nei« wnntcd for majiufactiiiiiig 
purpoeea. 
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40. The fii-st proposal to use electricity in ballistic experi- 
ments seems to have beea maiie by Professor Wheatatone, 
in 1840, who Bhortly afterwards caused Ift^trumenta to be 
constructed for that purpose. About this time Colonel 
Konataotinoff, of the Uussiau Artillery, consulted Prol'essor 
Wheatatone reapectiug a chronoscope which he desired to 
obtain. He afterwards (March, 1843) employed M. Breeuet, 
of Paris, to construct an instrument for him, The proulem 
proposed by Colonel Konstantinoflf was very clearly slated 
i follows : " Disposer un inatmment qui pflt indlquer et 
conserver trente ou quamnte observations succesaives, faites 
dans des espaecs dc tcmpa tr^s rapprocb^s, d'uu ph^nom^ne 
se passant plua on moms loin de I'endroit oft ae trouve 
plac6 I'instmment d' observation."* Great credit ia due 
to Colonel Konatantiuoff for thus clearly stating the problem 
to be solved. The construction of the instrument was com- 
menced in Juue, 1843, and the work was completed in May, 
1S44. In June, 1845, M, Brcguet was expecting to liear 
the result of a trial of his instrument at St. Petersburg, but 
am not aware that any experimenta made with his inatrii- 
ment have ever been published. M. Morin has remarked 
ibat the problem waa not solved in a manner completely 
satisfactory, f 

^^ 41. Another Instrument of the same kind was brought 
before the English scientific world by General Sabine, in 
"i address as President of the Koyal Society [Nov. 1866), 
He said: "A chronoscope recently devised by Captain 
" Schulta of the French Artillery appears, as far as can 
"be judged previous to a practical trial, to correspond to 
" these conditions, and to be likely to supply a means of 
** surmounting the difficulty; it is not improbable that it 
"1 be tried in the present year." Althougb the Com- 
mittee on gun cotton wisely abstained from taking any 
further steps in the matter, General Lefroy, R.A., F.E.S,, 
MB President of the Ordnance Select Committee, applied to 
bave a Schultz Chronoscope procured for the use of the 
Conunittee, in consequence of the favourable terras in which 
Wie President of the Royal Society had spoken of that 
nvention. Tliis chronoscope was really brought forward 
n 1859, and was somewhat ostentatiously exhibited at Paris 
1867. It was noticed in The Engineer,-^ and in The 



* Moigno, Traiti cfe Telim'imAie, 1849, p. WS, 
i Do Monoel, Expoti, ^, VoL »., p. 340. 
J Tin Enginetr for Deo, 18B7, p. BOQ. 
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Pmclical Meckunic't Journal, wliere it wa» staled thitt 
"Captain ^>(.■llulu. in fact, finds that ho can observe and 
"regwUrr time tirtlio Un-miUmulh of a sccoud."* Far more 
utUtW'tur)' would it have been if evidoiici; h»d been produced 
of the salisffictor^ use of thia citroniiacupe in some actual 
experiment. lu duo titno the i^i^liultz instrument arrived 
M Woolwich (July, 18G8), but I am not aware that it 
ha* evur been omploj'ed in thia or any other unuiitr/ ia any 
experiment where more than two screens were used. A 
few instances of its employment in the measurement ot" 
single velocities were given by Colonel Benet,t which 
rcoults are of no soientihc value. 

42. The iuatrument most extensively used in this country 
down to 1866, was the Navez Electro- Ballistic Pendulum, 
which was introduced from Belgium by Colonel Yuunghnsband, 
K.A., F.R.S., and for some time a member of the Iat« 
Ordnance SSelect Committee. Perhaps no instrument has had 
Ho much money wasted upon it in the way of experiment 
as that of Navez, and yet it gave no results of any value. In 
confirmation of this opiutou 1 refer to the Ballistic Meports 
of the late Ordnance Select Committee, 60, V. 114, pp. 34 
(1962); 84, V. 132, pp. 130 (1663); and to 84, V. 13a, pp. 
2iJl (1865), All these labours with the Navez instrument 
led to the adoption iu England of Didiou'a methods of cal- 
culation, and the reprinting of a selection of his tables in 
1865, even after these thinr/a had Been, discarded at Metz ! It 
has been pointed out that Iluttun's experiments gave better 
results than those of Didiou, shewing clearly that the science 
of ballistics had made no progress in the interval 1800 — 1865. 
Now the instruments of Breguet and Schultz appear to have 
been such decided failures, that nothing has ever been heard 
of any important experiments having even beeii attempted by 
their aid, so that iu such cases the loss of the money paid for 
the instruments was about the total loss. But the case was 
different with the Navez instrument; it afforded no means 
of testing the accuracy of Its indications ; it was not sufficiently 
had to secure its immediate rejection by the late Ordnance 
Select Committee. At one time, it gave very fair results, and 
at another, it gave extremely bad resutte. As an instance of 
thia I will refer to the experiments made by the help of two 
Navez Pendulums, under the direction of General Lefroy,It.A., 
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to determiDe tlie loss of velocity of 12 lb. and 70 lb. 
elongated shot, for the information and guidance of the 
ArmBtroiig and Whitworth Committee. Eatrh result was a 
wan obtained from five good rounds, and the luenns did 
not differ notably frora the iadividtial quantities. We now 
know that tbc experiments with the 7lllb. shot were very 
fair, and that the experiments with the 12 lb. shot were 
'■remjily had. 

43. Sach waa the state of our knowledge of the resistance 
of the air to the motion of projectiles, when, iu 18G4, it 
was .decided to form an Advanced Class for the ecientiflc 
instruction of Officers iu the lloyal Artillery. On that 
occasioa the council of Military Education sought my as- 
sistance in the department of Applied Mathematics, and 
afterwards the duties of lleferee to the late Ordnance Select 
Committee in Mathematical questions were imposed unoa 
me. A very short examination of the experiments, which bad 
then been made under their direction, shewed me that, in 
general, they bad been made on no systematic plan, or, where 
there waa some approach to system, the results were dis- 
ifiordant. I felt it to be my duty therefore to recommend 
^be construction of a chronometric instrument, which should 
capable of giving the tuuee occupied by a shot iu passing 
sr a series of successive equal spaces. This recommenda- 
tion was made by me before I was aware that Colonel 
Konstantinoff had felt and expressed the same want. The 
Committee had, however, lavished such extravagant praise 
upon their Navez, that they could not listen to any proposals 
for the introduction of a rival clironoscope, and m the end 
I was driven to the hard necessity of mventing and con- 
structing my own instrument. Late in 1865 the new 
Chronograph was tried in Woolwich Marahea with 10 
aereeiis with perfect success. It was afterwards removed to 
Shoeburyness, where it remained from 18G6— 1870, during 
which time the experiments were made which are described 
in the " Reports on experiments made with the Bashforth 
Chronograph, 1865— 1«70.* The Council of Military Educa- 
tion took great Interest in these questions, and it was through 
their influence that authority was obtained for carrying out 
experiments in the interest of the technical education of 
omeers in the Royal Artillery. 

• Heferenca to this publication ia made under the Bhort title, Rfporti, 4^. 
london, pnblinhed by W. Clowes and Sons ; Harrison and Sons ; W. H. Allen 
'" ' " ' man and Co. ; and Trilbner and Co. Prioe, li. pp. 170. 
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44. After llic Olironograpli Imd paaaed iu first trial 
micccas in PoccMnbcr IHGj, it appeared desirable to make 
in« of it, in tlic first instance, tu determine tlie reeislnncc 
nf tlie air to elongated priijectilcH of a given diameter and 
weight, but vamng in tlie t'orraa of their heads. The forms 
selected were the faomisphericat, tlie prolate faemispheroidnl 
having BXC8 in the ratio 1 to 2, and two ogivals struck 
with radii of one, niid of two diameters of the shot. Ten 
solid shot were provided of each kind, but unfortunately 
sufficient care was not taken to secure etiunlity of weighl. 
In addition twenty hollow ogival-hended shot, ten of cacli 
kind, were proviaed. All the rounds were fired wilh a 
charge of 5 lbs. of powder, so that the hollow shot had a 
much higher initial velocity aud consequently .a much higher 
velocity of rotation than the solid shot. The diameter of 
the shot usu.illy denoted by d was 4-7 inches. The distance 
between successive screens was iai> feet denoted b)' I, and 2b 
was the coefficient of resistance. The foUowI 
ment of the average results : 



.roislitof luitinl Mcoii 
No. of 8hot=iD. Velocity tqIuc g,^. '" 



Date. 

Oct., 



Oun. Porm of Head. HooDds, Iba. /-i. of liP. ™™* Ji ■ Date. 

40 Pr. i sphere 5 30-33 1202 -000840 -0001329 Oct., 

M. L. i spheroid 4 38-69 1196 -0O06G9 -0001043 18§J 

Ogival(ldiara) 10 21-81 1541 -001246 -0001097 

Ogival{2diamJ 8 21-94 1545 001181-0001042 

The range of velocities obtained in these experiments waa 
not sufficient to indicate a departure from the cubic law of 
resistance. It Is apparent from the above values of hw-r-d* 
that the resistance to the hemispherical head was decidedly 
greater than that opposed to the remaining three forms. 
The resistance of the air to the h em i spheroidal and the 
ogival heads varied so little that it was plain that any of 
these forms most serviceable in other respects might be safely 
adopted. The slight variations in the resistances to the three 
latter forms lead to the conclusion that the amount of re- 
sistance offered by the air to the motion of elongated shot 
is little affected by the more or less pointed apex, but depends 
chiefly upon the form of the head near its junction with the 
cylindrical body of the shot. In this neighbourhood the 
forms of the hemlspheroidal head and the ogival head struck 
with a radius of two diameters are the aarae, and the re- 
sistances are little different. For a detailed account of these 
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:periment9 see the Philosophical Transactions for 1868,* and 
the published reports. f 

45. It was atill necessary to seek for a satisfactory answer 
to the two questions: (1) Does the resistance of the air vary 
as the cube of the velocity for all practical velocities of the 
projectile? and (2) does the resistance of the air vary exactly 
aa the square of the diameter? With a view to solve these 
questions the following officers were associated with me to 
carry out an extended series of experiments with guns of 

'), 7, and 9-iiich calibres: 

Lieut.-Colonel C. F. Young, K.A., Director of Artillery 

Lieut .-Colonel C H. Owen, B.A., Professor of Artillery, 
R.M.A. 

Captain J. P. Morgan, R.A., now Assistant Superintendent 
of the Royal Gunpowder Factory, Waithani. 

Captain A. Ford, R.A., now Assistant Director of yVrtillery 

idies. 

Captain J. HIaden, R.A., now Assistant Instructor Royal 

.boratory. 

Tho last three officers had then recently completed a two 
years' course of instruction in the Advanced Class. In turn 
they superintended the firing of tho gun and assisted in 
the chronograph room, which was about a quarter of a mile 
from the range. Most of the reductions of the experiments 
were made by the same three officers in tho most satisfactory 
manner. As the following treatise la founded entirelj' upon 
the results of experiments made with my chronograph, 
1865 — 1870, it will be proper to give a brief description of 
the instrument, and shew in what manner the reductions 
of the observations have been made, referring the reader 
for fuller Informatioa to the published description of the 
chronograph.! 

46. The chronograph was designed with a view to secure 
lie following conditions : 

(1) The time to he measured by a clock going uuifi/rmlt/. 

(2) The iustrument to he capable of measuring the times 



r • PkiL JVoni, 18«8, p. 417. 
t t Hfpottl, ^„ p. 10. 

[ t ™1 "d Daldy, 1B66; ProceetliTigs of the R 
-nd flsBM de Ttchvotogit Stililaire, t. n,, ] 
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occopipd by a caDnon ball in piuwlnj over ad^ Duoibcr of 
guccrninvr equnl spacet. 

(3) The instrument to be CApnble of measuring the longest 
ktioun timn of fliglit of k shot or tibeil. 

(4) Every beat of tlift cloek to be recorded by the I'nfcr- 
rupUon of tlie Bame galvaaic current, and under precisely the 
lame conditions. 

f.l] The time of parsing each serpen to be recorded by 
the momentary interruption of a second galvanic current, 
and under precisely the mme tvritlitiona. 

(C) Provision to he made for keeping all the strings or 
wires of the salens iu an uni/brm state of tension. 



47. In contriving my instrument 1 at once abandoned 
all attempts to drive the rylinder at a known tmiform angular 
velocity. The front ispieci; gives a general view of the in- 
Btruraent as constructed and used in experiment. A is ^ 
fly wheel mounted on a vertical axis. JT ts a cylinder 
intended to be covered with paper prepared to receive the 
records made by the two markers m, vi. When the fly 
wheel is spun by hand, the toothed wheel B allows the stiing 
C to unwind from the drum 3/, and so lower the atage 'S, 
which descends amootlily by its own weight along the slide L. 
Two electro- magnets i', E' are fixed to the stage 5. These 
magnets, by means of arms a, a\ work levers b, h\ which 
give motion to the mnrkers jii, m'. A lever h acts upon the 
springs s, and so raifes the markers m, in', or keepa them 
gently pressed against the paper mounted on the cylinder K. 
If we suppose the markers depressed, and the fly wheel spun, 
as a gyroscope^ the markers m.m will trace two parallel 
spiral lines upon the cylinder. But if we cause a galvanic 
current to circulate round the lower electro-magnet E\ and 
if the galvanic circuit he so arranged that the pendulum of 
a half-seconds clock shall interrupt and restwe the current 
once every double swing, then we shall have upon the spiral 
traced by m records made every second. The forces tending 
to destroy the motion of the fly wheel are the resistanco of 
the air and the friction at the bearings, and at the marking 
points irt, m. The only force tending to drive the heavy 
fly wheel is that derived from the tension of the siring G 
acting through the toothed wheel B, about three-quarters 
of an inch in radius. The cylinder K and the fly wheel 
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A are respectively 4 and 18 inclieB in diameter. The object of 
these arraugemeDts was to remove all causes which ml^lit 
be likely to disturb the perfect smoothness of tbe rotation 
of tbe cylinder. As I knew tbat it was quite impossible 
to secure su^hient uniformity of angular velocity of the 
cylinder, I merely endeiivoured to secure a uniformiii/ of loss 
of angular velocity. The regular beating of the clock gave 
a diminishing scale of time ou tbe cylinder. By means of 
necessary corrections and interpolations this scale was further 
divided into a correct scale of tenths of a second. It was 
not necessary to carry the subdivisions of the scale further 
than tenths of a second, because it was found that intervals 
of time less than the twentieth of a second could always 
to treated by the ordinary method of proportional parts. 

48. Suppose now a second galvanic current to circulate 
about tho other electro-magnet E, and also to pass through 
ten or more equidistant screens, so contrived that tbe paasiige 
of a shot through any screen shall cause a momentary inter~ 
ruption of the galvanic current at that screen, but allow the 
current to be restored again before tbe shot can arrive at 
the next screen. Each mtemiption of the current will bo 
recorded by tbe marker »i upon the rotating cylinder A'. 
Afterwards the clock and screen records are measured off, 
starting from some line drawn on tbe surface of the cylinder 
parallel to its axis. 

49. It is well known tbat tiicre will always be some loss 
of time between the interruption of a current and the regis- 
tration of the corresponding record. As it is impossible 
entirely to remove this difficulty care must be taken tbat 
each marker shall make its own records under precisely 
the same cii-cumstances, so that we may be permitted to 
assume that the loss of lime is the sajne for every record 
made by the same mai-ker. The clock records present no 
difficulty because the pendulum goes on swinging and 
breaking contact once a second, hour after hour, and we have 
no reason to suppose that the loss of time in making the 
records will vary ui the course of 10 or 20 seconda. But 
precautions are required to secure a like condition for the 
screen records. If tho galvanic cun-ent was allowed to 
drculate for a few minutes about the eleetro-maguet E, 
and then was intcirupted in rapid succession 10 or 15 times 
in a second, it might be expected tbat the remaining mag- 
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nctiim would have an effect in delaying the records whi< 
would gradtinlly docrcBHC with «ftcli BnccessJTO interruption. 
This wouhl be a very injurious kind of error, for the varying 
loss of time would 'follow a laie, and therefore it would be 
impossible to eliminate it. The following arrangement was 
made with a view (o obviate this dliliculty. The action 
of tbe lever A, when used to raise the markers m, m' from 
the paper, BimuItaneouBly breaks the galvanic cnrrent be- 
longing to the elccti-o-magnet B, and restores the circuit 
when the markers are depressed preparatory to the finng 
of the gun. The manner in which this is effected is shewn 
by 6g. 15. The screen circuit is joined at -4 and B. M'hen 
the switch I stands as repreaenled in the figure, the current 
is broken. While the sereons are being mended I is bronght 
in contact with m, and thus the ringing of the bell indicates 
the proceedings on the range. And when I is brought in 
contact with » the galvanic current circulates about the 
electro-magnet E. But between the depressing of the 
markers and the firing of the gun there is in general a 
little delay which requires further precautions. A seli-acting 
contact breaker (fig. 14) is placed in the circuit and near the 
gun. When the firing party are ready, a lever ab is raised 
and a pin / is inserted, which turns the galvanic current 
through the contact breaker B. The same motion of tbe 
band that pulls the lanyard to fire tbe gun withdraws the 
above-mentioned pin/, and allows the lever ab to be brought 
down into the position ac by a spring, and so shutting out the 
contact breaker D^ completes the circuit just before the shot 
reaches the first screen. Further, it is not important for tlie 
losses of time to be absolutely equal for records made by the 
markers m and w', provided they be small for each marker. 



50. The most troublesome part of my undertaking was 
the invention of a proper screen, which would allow the same 
galvanic circuit to be used for all the screens on tlie range, 
the records being made by the momentary interruption of 
this single circuit. Provision had to be made for closing 
the circuit interrupted at one screen before the shot arrived 
at the next screen. This was satisfactorily accomplished 
in the manner shewn in fig, 12. Springs J, d, /, ... were 
formed of hard brass wire, and were fixed in wood as re- 
presented. The ends of the springs passed through holes 
in copper plates as a, c, e, &c Wood being a non-conductor, 
the current which entered at a passed through the spring 6, 
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into the plate of copper c ;■ thence by the epring d it entered 
the plate of copper c, and so on along the whole length 
of the top of the screen. The tops of all the screens and 
the chronograph were included in one circuit, as shewn 
^. 13. The holes in the plates of copper through which 
the springs projected were ahoitt half an inch in length, 
and the springs, when not held down by weights in contact 
with the lower edges, rose up by their own elasticity and 
^mained In contact with the upper edges of their holes. For 
1 experiment the springs were held down by equal weights 
Buapended by strong sewing cotton so as to form the screens. 
These springs were about two inches apart for experiments 
with bores of 3 Inches and upwards. The shot in its course 
Iffoke one or more threads as it passed through each screen, 
Bud so, releasing one or more springs, caused the marker m 
to register a corresponding record. 

51. When every precaution had been taken it was found 
that there were still little irregularities in the readings of 
several successive records. The corrections required were 
most simply performed by plotting on an enlarged scale, and 
then drawing a curve. They may also be performed by 
differencing the readings and applying small corrections 
required to render the second or third orders of differences 
regular. It has been suggested that the method of least 
iquares might have been employed to obtain the moat pro- 
sable results from our experiments. But I very much doubt 
whether any other method of dealing with our observations 
Would have given results so accurate and certain as the one 
iuilopted. We had no supposition to make respecting the law 
connecting apace and time which wo were in search of, we 
merely assumed that there was a law. By inspection we 
eould see whether one mode of correction gave the sum of 
the squares of the errors greater or less than another, when 
there was any doubt whatever. But in such cases the 
[practical difference of the two systems of correction would 
laave been insensible. When the corrected screen readings 
were converted into time, and again differenced, we were 
able, almost by inspection, to obtain corresponding values of 
the velocity of the shot and of the realstance of the air, 
ust at the instant when the shot passed any of the screens. 
In this manner we obtained several corresponding values of 
Telocity and resistance for each good round fired. As it 
was found impossible to express the resistance of the air 
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in termB of the velocity by any aioiple formula, the reststmce 
has been expressed in terms of the cube of the velocity io 
connection with a variable coefficient. In considering tbo 
motion of a shot it will be necessary from time to time to 
change the coefficient so as to keep it in accordance with 
the velocity of the shot. The law of the cube of the velocity 
has been chosen on account of the simplicity of the formulw 
to which it gives rise. 

52. The experiments were carried out with guns of 3, 
5, 7, and 9-inch calibres, for which the following elongated 
shot were manufactured with great care in the Royal Arsenal, 
Woolwich ; namely, shot 2-92 inches in diameter, weighing 
12, 9, and 6 lbs. for the 3-inch gun; shot 4'92 inches in 
diameter, weighing 47'68 and 23-84 lbs. for the 5-inch gun; 
shot 6-92 inches m diameter weighing 122'3 and 6fl5 lbs. 
for the 7-inch gun ; and shot 8'92 inches in diameter weighing 
250 and 125 lbs. for the 9-inch gun. The charges used 
in each gun were generally the one-slsth, the one-eighth, 
and tlio one-twelfth of the weight of the solid shot. The 
shot had similar externa! forms, the heads being of the 
ogival form struck with radii of one diameter and a half. 
The resistance of the air was found to vary as the square 
of the diameter of the projectile, but when the rosistanca 
of the air to a given projectile was expressed under the form 
2h X (velocity)'. It was found that '2b attained a maximum 
value for a velocity of about 1200 feet per second, and con- 
sequently decreased for higher and lower velocities. The 
numerical values of h were determined experimentally for 
ogivai-headed elongated shot and other kindred forms, for all 
velocities between 900 and 1700 feet per second.* These 
coefficients in a convenient form will be found in Table I. 
Afterwards guns of the same calibres were used to fire 
solid and hollow spherical shot, in order to determine 
the coefficients for the cubic law of resistance to spherical 
shot corresponding to all velocities between 850 and 2150 
feet per second-t These coefficients are given in a convenient 
form in Table II. 



53, The following examples are given as illustrations of 
the great utility of differencing when systematic experiments 
or independent calculations are being made. Suppose that 
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the following logarithms of numbera have been independently 
calculated, aad that tbe calculator wished to teat the accuracy 
of his work. 





Calculflted 






1280 


107210 


ia90 


110590 


im) 


113943 


1310 


117261 


1 nao 


120574 


1330 


123«52 


1340 


127106 


1350 


130334 


13W0 


133539 


1370 


136721 



+ 3228 -|t+ ? 



Corrected 
loearithiDi. 
107210 



+ 3!t 



-23 



IIUJ3U „„,„ - /i 

113943 Xo,OR- 25 
"^27'+33D3-25 
120574 to2?s- 25 

127105 tg^g- 24 
1 30334 +y53_ 24 

133539 ;t?;j^- 23 
136721 "^ ^'"'^ 

Tbe difference of type indicates the erroneous figures in one 
^lace and their corrections in the other. Tables of the 
squares, cubes, &c,, of numbers have respectively their second, 
third, &c. differences constant, thus 

No. Sqoarea. Cubes. 



+ 2 
+ 2 

+ 2 



1000 _; 

1331 "* 
1728 "^ 



&c. 



&c. 



la tbe final differences are here constant, we could go on 
tnd calculate complete tables of squares and cubes of integers. 
In the former case adding 2 to 17 we have 19, and adding 
39 to 81 we get 100, tbe square of 10 and so on ; and in the 
latter case adding 6 to 48 we get 54, and 54 to 217 we get 
J71, and adding^ 271 to 729 we get 1000, tbe cube of 10. 
Difference machinea have been constructed to work on this 
irinciple. In the same way we may calculate formnlfe of the 
u = a + hx-i-cx^, where the first order of differences A,j 
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wonld be h + ^cx, and the second, i,, would be constant and 
= 2c. If (I = a + fij: + or" + rln^, tlien the cuiunin of the thii-d 
order of difTerences A would be couBtant and = + Gtl. 
the generality of tabfos, no order of diiferences wouli 
absolutely constant, but tlie final order used would 
change very slowly, as in the above example taken from 
a table of logarithms. 




64. "We now proceed to shew how tbe first and second 
differential eocflicients may be expressed in terms of '^" 
Buceessivo differences. 

By finite differences we have 



".,„-"„.+'i". 


,=«^ + iu^+Z 


!(«.+ 


i.,) = 


«^iv="i+3AM, 


+ 3AX 


+ ^'".i 




&c. 










jid generally 










„,-», + nA».+ 


n.(«-l 
l.ii 


-A". 


+ «+■ 


1.2.3 




:».+«|A»,-i4"a,+J4"»,-ii'i.,+lAX-JA'«.+&c.|, 
+»"|iAX-lAV,+ HA'«,-J2A-i,,+J}}AX+&e.), 



Expanding now w^,, by Taylor's Theorem, we have 

"■- "■"*■(£« 1 ■'' da," 1.2"*" ie- 1.2.3'*' ' 

and equating the coefBcIents of the firet and second powers 
of n in the two expansions of u^^i we have 

' ^ - A». - JAX + iAX - JAX + JA"", - lAX + &e., 



i" -j^; = A"«, - A'u, + J}A'».- ; jA'«. + MJaX - &=■ 
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"X^e following scheme will explain the meanings of the 
several terms: 



"*''^"« LA. +'^"'^-. A4 +^ "«-.<.*» 

"'♦^ J. A„ + ^ "' ^ A. + ^ "-' ^ A. + ^ ''"^ 

v^^. +^«-w^., +AX , ,, +AX-/ 



+ A«^^ A. 






"»+«; 






Now M. = M^, +Am^ 

tiierefore A'% = A'm^, + A'm^., 

*nd -AX =-A'm^ -AX-< 

+ |iAX = + H^\., +liAV' 

&c. &c. 

Taking the sum we find 

Let s be the distance the ball has moved from some fixed 
point to a screen at a time t,^ I the distance between successive 
screens, and ^,^,, t,_j^ ^,, ^,^/, «,^,, &c. the observed times of the 
^ot passing successive screens ; then we shall have 

? ^ = A^, - iA\ + i^'f - iA% + ^A't - i AX+ &c., 



fZV 
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or -j-= relocitj which the ball had at the diataoce s, 

• Af.- ii'',+ l,A'l- iAV,+ JAV,- iA\-Hkc. ■■■*■ "" 

suppoamg V, to denote the velocity, ond^ the retarding for 
at uistanco a, 

?" J; = AV,., - ^A%_^ + ^ A'(^ - &c. 
r But /=^ = -— (^j 

= - 7 i^X-,- -h^'l^ + HA'U - &c.} ... (2). . 

The use of formulie (1) and (2) will be beat understood from 
tboir application to numerical examples. 



55, Hollow elongated shot weighing 23'84 Iba. 5-inch 
gun. Diameter of ahot 4'92 inches. 

The readings of the seconds and their corrections wi 



Con«:tioil 
5«coniiB. KeniUng. applied. 

1 26-90 - -001 = 

2 49-79 + -002 = 

3 73-S4 - -003 = 

4 97-43 + -001 = 

5 121-17 4 -001 = 



49-792 
73-G37 
97-431 
121-171 



+ 23-845 
4 23-794 " 

+ 23-740 



I 



It was usaal to read off a few seconds beyond the limits 
of the screen records, in order to determine the exact motion 
of the cylinder. In this case the screen records extended 
from 74 to 100. Hence it was sufficient to form a complete 
time-table estending from 3'0 to i'b seconds. By interpolation 
we can now find where the half-second beats would have been 
marked, just as well as if the clock bad given a record every 
half second. The result is 




DmE-iona. 

73-637 
85-541 
97-431 
109-308 
121-171 



+ 11-904 _ 
+ 11-890 
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;Ey a farther interpolntion, we find tlie places of eveiy 
division of the seconds into tenths, so far as is required for 
the reductioQ of the experiment. 



DmEionB. 
73-637 
76-019 
78-400 
80-781 
83-161 
85-541 
87-920 
90-299 



+ 2-382 
+ 2-381 
+ 2-381 
+ 2-380 
+ 2-380 
+ 2-379 
+ 2-379 
2-378 



92-677 
95-054 
97-431 
99-808 
102-184 
104-559 
106-934 
109-308 



+ 2-377 
+ 2-377 
+ 2-377 
+ 2-376 
+ 2-375 
+ 2-375 
+ 2-374 



!ere it ia plain from the column A, which gives the lengths 
if the scale corresponding to successive tenths of seconds, 
that for fractions of a second less than onc-tcnth of a second, 
the common rule of proportional parts will apply. This is 
the time-table to be used in converting the screen readings, 
after the application of slight corrections, into time. 



+ 57 

+ 57 





Come- 


Corrected 


Boreene 


Reading, tion. 


Reading. 




74-89 - -001 = 


"•»?, + 2-596 
85 8 + "'" 
llff. + 2-768 

l«.-321 + "« 




77-48 + -005 = 




80-14 - -002 = 




82-85 - -002 = 




85-61 + -006 = 




88-44 +. -002 = 




91-33 - -005 = 


^ » 


94-26 + -006 = 
97-27 - -005 = 


[lO 


100-32 + -001 = 



FThe reading for the first screen was 74-889 
I The reading for 3-0 seconds was . 73-637 



e length of the tenth of a second was 2382, so that the 
't passed the first screen at 3-0 + -^jf ^^kiJZ ~ 3'0526 seconds. 
1 in the same manner, the other corrected screen readings 
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were coDvcrted into seconds. The result will be fooni 
tu be 



foon^^ 



I 



I 3-0526 
S 3-161C "l 

3-27301 ;;;; + 24 

1-25 
3-5031 ] 
3-6219 "l 

3-8669]; \ll'. +24 
' + 25 
10 4-1216 "* 



- lu'JO 

^+ 1138 J 

- 1163 ] 
'4 1188 ^ 
; + 1213^ 
I + 1337 

- 1261 ] 

- 1286 "* 



Tbe screens were 150 feet apai-t = I. The velocity v, at fl 



&t^-iA\ -1188-^-0025 -2351 •' 

' Also tlie retarding force at tlie fifth screen 

, *0025 „, , 

And putting it uuiler tbe form used in Table I., 

But this experiment was made when the density of the air 

was 1'0076, BO reducing 109-4 accordingly, we get ^H 

2b (1000)' J = 109-4 - 0-8 = 108-6. ^| 

The tabular number corresponding to a velocity 1275 /- s 
ia given 108-4 in Table I. It is manifest that, as the column 
\ ia nearly constant in this experiment, the value of the 
coefficient 2i of the cube of the velocity la also nearly con- 
stant J or, for the range of velocity obtained in this experiment, 
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the retarding force varies very nearly as the cube of the 
Telocity. 

56. From what lias been said in Art, 53 it appears that 
■when a function of the form a -y as ■{■ W la tabulated for 
CBsive integral values of j?, the second differences of those 
quantities will be constant and equal lo 2b. 

The experimenta of 1865 and 18GG gave the second dif- 
ferences of the times of passing the equi-distaut screens i'( 
nearly constant, as in the numerical example just given, 
becanse they were tnade with velocities near those which 
gave a maximum value of 2b. It was therefore inferred 
4at if the space s was described in the time (,. then, t might 
be expressed in terma of s as follows : 



and differentiating 



(a +2, 



i-6»", 



- 2iu' « k', 



the resistance of the air varied approximately as the cube 
of the velocity for the particular velocities obtained in these 



i7. We will now pass to an experiment made with a 
-inch spherical shot, weighing 44-094 lbs., fired from 
IS 7-inch gun. The process for finding by experiment the 
exact time at which the shot passed each screen was precisely 
^e same as before. 



ScjCQIiBt paflfled at, 






1 


2-90068 


'i 


2-98499 


.S 


3-07236 


4 


3-16289 


S 


3-25668 


6 


3-35383 


7 


3-45444 


8 


3-55861 


» 


3-66645 


10 


3-77807 



f 316 



+ 10 



8431 
8737 " 

9379 t V^a + 10 
9715 " 



- lOOCl 
~ 10417 



(-346 
+ 356 



+ 10 

+ 11 
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Here 



r 



150 



•OU053 - 4 *U0326 -I- i -IMMIO 
= 16H6-Ifs. 



»•• 



/, = - f (AV. - A\) 



9 



thereft)rc 



= - ^). (-00316 «t00010) = -2Jr.^ 
!/• _ (1000)' X -00306 ^ 44-094 



' ^ ' </* (150)* (6-92)" 1-0441 

= 120-0, 

including a correction for the density of the air. The tabular 
value of K^ for a spherical shot eorresponding to a velocity 
of \iVM)f-s is 121*1. In the last example the colmnn 
headed A* is far from being constant. Several coefficients 
corresponding to velocities between 1700^, and 1400^ 
were found from this single round. 

The reductions of tlie coefficients of resistance given in 
Tables I. and IT. were made on the supposition that the 
weight of a cubic foot of dry air was 530'6 grains, which 
corresponds to a height of 30 inches of the barometer and 
a temperature of G5^5 F., and not of 62° F. as stated at page 
21 of li' ports J (kc. 
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CHAPTER IV. 



'ON THE MOTIOS OF A PROJECTILE IN A HESISTESG MEDIUM. 

58. TuE history of the mathematical iDvestigation of the 
path described hy a projectile In a resisting mcdimn, which 
las been made use of in this treatise, is somewhat curiuus, 
.bout the time when Newton flourished it was common for 
the leading inathematiclaua in England and on the Continent 
to propose difficult problems by way of challenge to one 
Qother. It was of course supposed that any mathematician, 
'ho proposed a problem, knew how to solve it. After 
lis manner Keill proposed the following, question to John 
temoulliin 1718: "Invenire curvamjquaoi projectile deecribit 
in aere, pro simpllcisaitna suppositlone gravitatis atque 
toedii densitatis unifonuis, resistentiee vero in duplieata 
ratioDe Telocitatia."* Bernoulli received the challenge 
early in February, 1718, and in a short time obtained a 
Aolution, not only of the problem where the resistance varies 
w the square of the velocity, which was proposed, but also for 
a resistance varying according to any power of the velocity. 
Before, however, he published his solution, he deemed it 
Tight andpropcr to propose the same problem to his opponent 
Keill. This was done ia the following May, Bernoulli 
[ave Keill till September to declare whether he could solve 
lis own problem, adding that. If- at the expiration of the 
specified time no solution was i-eceived, silence would be 
taken as a tacit confession of incompetency. At the in- 
tercession of the friend through whom these communications 
passed, the time given was extended to November, but no 
■olutioD was furnished by Keill. Bernoulli goes on to argue 
that Keill in his difficulty would undoubtedly seek assistance 
from all the English mathematicians. He therefore felt 
persuaded that if any one in England bad been able to 
solve the problem, a solution would have been produced 
vitbin the prescribed time. After this, Bernoulli tm-nishcd 
ihe following statement of his result to a friend, in which 
the resiatauce of the air Is supposed to vary as the Sii'" powi 



• Opera. II., p. 396. 



men I 

iwer J 
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of the velocity : " Aasumta indctcrminata e constniatur area 
"/[<w+ zi}'~^dz quffi viw!etar Z-, smt antera coordinatse curvse 
"quaiBitffi X et y. Fiat x = f{zd2Z'''') et y=f{adsZ~^''). 
" D'lco curvam qu» idJc oritur esse quKsitam."* 

Bernoulli published hie analysis in lT21,t wbicli he de- 
scribed as no more than a chain of equalities deduced from 
the general formula for the detcmiiuation of realBtancea which 
be had published iu 1713. The Ibllowing is a sketch of bia 
method of treating the problem.^ 

Ijet the plane xj/ bo the vertical plane in which the 
trajectory is supposed to He, the axis of x being in the in- 
tersection of this plane and the horizontal plane thmugh the 
point of projection O, fig, 7, The force of gravity ff is sup- 
posed to ne constant and always to act in a direction parallel 
to the axis of y, which is vertical. The point of projection 
is the origin. If I be the time and Ji the retarding force of 
the air acting in a tangent to the trajectory at the point a;, y, 
(di/ I dq) 



^2 da\ 



then Bernoulli begins with the equation R = 

where 2q is the vertical chord of curvature at the point xjf, 
a deraoastration of which ho had published in 1713.§ This 
may he shewn to be true as follows, p denoting the radius 

of curvature ; 



~-=g COS p. 



'(sy-s"' 



-9it 



and differentiating 








2 da 


= also -72- 


j.;n« = -ii-sj; 


therefore 


R = -9 


^y 9 ^1 _ 

ds 2 ds 


-^&Ai)- 


Now 


2 = 


'-©■ 


m 




t 


- d'y ' 
d? 




dz' 


-4^h(l)](g. J 


• Opera, 1 
J Optra, ti 


, p. BD9, 
p. 513. 


t Ada. Er-dU. Lip,.. 1721, Maj., p. 228. 

§ Acta. £ndit. Ups., 1713, p. 77 ; Opera, I„ 6SS 
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'or 



-therefore 



dq _ qdy ds dx' 
d^~~ d^'^^ (dW' 

[dx") 

• 2 V da da) 

d8_ d^ 
__g_ dxda? 

\dxV 
fiat as B Taries as tlie 2n'" power of the velocity, we have 



8 vM 



\dxj 



And equating the two values of B^ we find 

g dx dx^ ^ , 

W) 



\dx) 

^ d"y " 



dx' 



at 



^^-^r{^''^\m-% 



Let now 



dy^l 



dx 



a 



then 



Also 



dx^ a dx 
By substitution, we have 

2k(,-g) 



(ds\^^ • 1 , , , »,2Li 



dic' a da? 






.i«»i-i 



dx " o"-' W das' ' 



<2i! 



and patting ^for /(o* 4-a") « -5- , and integrating, we have 
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therefore ''"^ = " ^ (f )" rTTTl ' 



or 



'-i(i)'/r 



dz 



2^ 



Also <It/=. - dx = ( 7 V ^ r J 

therefore y = — (7) / r- 

59. Sappose we apply these results to the particular case 
where the resistance varies as the cube of the velocity, we 
have 2n = 3. Let u^ be the velocity of the shot at the vertex 

of the trajectory. At this point ;^ = ; therefore « = 0, and 

iPy Idz ^ ^ 

V( = - -r • But 
ax a ax 

M,* = <7 X radius of curvature at the vertex 
a 

dx 

or -7- = — ^ at the vertex. 

ax u 





2« 1 



And Z = j{c? Jr n*)— dz 



• a 



,eb.v. 3.(-f)'(c+,-.4)-,(|/, 
and at thd vertex 3A (- |)*C'= -g i- ^, 

8 

or 3 C7= - '^ 3 J which determines C. 



ku^ 



as 1 BESI3Ti.\«J MEDIL'M. 



Ifterefore .iDce 3i (- ■?)* (c+ a'^ + 1') - -J (§)', 



rfa; 



JL. 



TV 









Sespect'iDg tliis solution Montucia has remarked, "Mais 
'*la solution de ce grand gfom^tre ne pouvoit &tre utile pour 
"la pratiqaCj parce que I' aire de la courbe ne pouvaut la 
"plupart du tempa 4tre exprira^e en termca finis, il out 
"corarae impossible, au moina d'aprta I'analyse actuelle, 
"d'en tirer la valeur dea inconnues; si Ton y parvenoit oa 
"n'arriveroit qu'd dea valeurs si compliqueea qn'elles ne 
i^seroient d'acon usage."* The case where 2n = 3 is per- 
mplest of all, and yet the only way to render 
Bernoulli's results practically useful, waa to calculate by 
Kciuadratures tables of the values of the above integrals for 

i'tll possible practical values of^ and — - or 7, so numoroua 

Jthat all intermediate values might be obtained from the 
■tables either by a simple interpolation or by proportional 
■.parts. 



* Profcaaor Adame communicated to me the shave eipreanona for x Kai y 
a additiQiiBl oiie for tlie time in a letter ilated Nor. 13, 18B6, wlien the few 
'ic experiments I had thou made seemed to indicate afubic law of reaistance- 
■ remarked that the "form of Eolation waa 

OQH. bitt on lonkdng inl^ the history of 'ths. 



ont by my own 
Ifiadthatancx 



:j! ago by .Tnhn Ben 



r 
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60. EsplanatioD of symboU used. I 

g denotcH tlio accelerating force of gnrrity and equals 
32'19l feet per secoud in tbe latitude of Greenwich, 

w the weight of the shot in pounds, 

d tbe diameter of the shot In inches, 

26y' the retarding effect of the air for a velocity v feet 
per second. 

^=2Jx^x{lO(K))*. 

a:, y are the horizontal and vertical coordinates of the 
centre of gravity of the shot at time (, the origin being at the 
point of projection. 

V denotes the velocity, and u the horizontal velocity of tbe 
ebot at the point (x, y). 

<ft is tbe inclination to the horizon of the tangent to the 
trajectory at the point [x, y). 

Vi denotes the velocity of the shot in the ascending branch 
when moving in a direction inclined at an angle ^ to the 
horizon, and u^ tbe corresponding horizontal velocity, ao that 
w< = «* coB.^. t)'tf and u'^ denote corresponding quantities in 
tbe descending branch. 

^^ = 3 tan0+ tan'i^. 

w^ji and aV^ denote the differences of the coordinates of 
two points where tho trajectory is inclined at angles a, (3 
to tbe horizon; thus in fig. 9) aX^ = An,&\xA gy^ — Bn; and 
in like manner J:^ would denote the time of describing AB. 



61, Suppoae a body projected in a direction inclined at 
an angle a to the horizon, to be acted upon by tbe force 
of gravity g acting in parallel lines, and by a retarding force 
25 X (velocity)' acting at every point in tbe direction of the 
tangent to the trajectory of the body at that point, then there 
will be no force tending to draw the projectile out of the 
vertical plane of projection. Fig. 8, let the point of pro- 
jection be the origin, and let the axes of x and y respectively 
be horizontal and vertical in the plane of the projectile's 
motion. Alao let 3", y be the coordinates of the centre of 
gravity of the shot at time (. 

The equations of motion are 

dt' \dl/ ds ^ \dtj dt 
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therefore ^ ^«^ £!^ = -^^. 

df dt dt de ^ di' 

dy 
J ^dy ^ dt 

^ dz dx^ 
di 

dx d^y dy d\c 
t ^ _ dt 'W di W __9 

dt " /^\' " ^' 

t.$=-^ CD. 



<^ ' dt 



'62. AguD 



<ft» 



=-'(§)■§=-' {-(I)} (ST 



'therefore 

\cft/ di 

At the vertex let the horizontal velocity -r- = w,, when j> = ; 
therefore "' 



and 



1 1 1 26/ »^\ 

3 7^"" 3m/"*" q V 3y 



» 



£2 
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or if M = — Si the horizontal velocity of the projectile at the 
point (x, y), then 



1 






Substituting for - or 

-J- given by (I), we have 



if 7 



the last equation its value 




(l-7l3p+/)JJ 



9 |l-7Pi'+/)l» 
,.(5). 
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63. If tan^=^ and tan^'=^', then 

dp = Stic' ij>ijii> = {i + p*) drpf 
■nd the above equationa (3], (4) and (5) take the fonnB 

= _!. T' -Il±-«!li* HifTf le\ 

" s 1 li-yi^P+pW 9 ' ■ ''■ 

{p+p')d^ ^_V 
-T(3;,+/)1J J » ^' 



3 



■TV 



64. Inasmuch as it was impossible to fiad the values of 

y and t hy direct integration, it has been neceaaary to 

^ calculate hy quadratures the values of A', Y and T for all 

practical values of + ^ not greater than 60°, and of - not 

greater than 60° or iS", for values of 7=0-00, O'OI, 0-02. ..0-18, 

0-19, 0-2, 0-3, 0-4.. .4-9, S'O. The value of di(> generally used 

Lvas the circular measure of 1°, but when 1 — 7 (3p + p') be- 

Heame small, the successive values of . 7.; tc were 

^ l-7(3/»+/) 

Bubject to rapid variation. In such cases intervals of one- 
fifth of a degree were used, and the results have been given 
in preliminary Tables (pages 4 to 38). The calculations of 
, the values of X^ Y and T were in general carried to one 
Ldectimal place beyond those given in the printed Tables. 
jBy the ordinary rule of proportional parts, or, where great 
Isccuracy is required, by interpolation, it will not be dimcnlt 
■io find the values of X, Y and T for values of 7 and ^ 
Tintermedlate to those given ui the Tables. 



EXAMPLES OP THE METHODS OF FINDING THE 
MUMERICAL VALUES OP X, 1', AND T. 

65- from the Tables 

"XJ' = "JT^ ,■■ - "XJ - -20430 - -09348 = -1 1082, 
T^," = T^/" _ ° F„.,* = -013448 - -002299 = -on 1 49, 
T. °=-11027, T '=-07836. 



64 EXAMPLES OF THE METHODS OF PISDINa THE 
Suppose it was required to find the value ofY^'^f 
'YJ^ ='YJ + {'Y„; '"YJ) xQ-U, 

= -004059 + (-006648 - -005196) X 0-41; 

= •004059 + -001352x0-41 

= -004059 + -000554 

= ■004613. 

In the same way "-t,.,"' and 'jT,.,'*' may be found. 

Suppose now it was required to find the value of 6 
the deacending braDch which satisfies the equation 



We have 



-2- 'X ', when jr. is civen = 600 feet, 
M.= 1000/-3, and ^ = 32-191, 



1000 
-•00212 



= ■01610: 



" (1000)' 
= (-06129--0473l) 
= 'A',,,'+-00212. 

Now the difference of the values of X^,^ for 4° and 5° is 

-07457- -06129 = -01328. Hence by proportional parts 

Making use of thia valne of 6 we can now find the 
corresponding values of ^, and J^. 

We have supposed hitherto that we had a table calculated' 
for the required value of 7. Suppose, however, we require 
the numerical value of ' Y^_^''". 

It has been shewn above tliat Tj, 

and in precisely the same manner we find 'I'^.j 
Shewing that an increment of O-l in y) 

gives a decrement in Y 
Hence, by proportional parts, an incre-l 

ment of 0-037 gives a decrement i 

the value of Y 



ere- 1 

'4 
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Hence ' Y^J-" = ' F,^''" - -37 x "000046 

= -004613 - -000017 = -004596. 

66. In casea wlierc wc can suppose the reaiRUnce of the 
air to vary as the cube of the velocUy throughout the range, 
it is easy to find the path and timo of flight of a projectile 
and its velocity at any point, supposing the initial Telocity 
and initial direction of the shot to oe accurately known. 



Let V be the initial velocity, a the angle of projection, 
I 2b the coefficient of resistance, then « = V coaa is Known, 
and equation (2) gives u,, for 



-. = -, + -(3i'+/}, 

/lOOON" nOOON' 2S(I000)',„, , ,, 

(- --j =( 1 + — ^ i-(3 tana + tan'a). 

2hii ' 
Hence we know y= — -^ and referring to the table 

for this particnlar value of 7 we obtain, (fig. 8) 

3if = ^ "Xy", MA = '-^' IV, and lime in 0-4 = "^ ' Ty\ 
9 9 9 

Now for the descending branch, we have, for the point 
where the motion of the shot is inclined to the horizon at 



angle —& at P\ 

/lOOOV 2J(1000lV„ o . ,0, 

(-^J + — i ^ (.^ tan/3 + tan'/3), 

which gives the value of u'^, and therefore of v'^ = up sec^. 



and time in AF' = -" " T^", 
9 

If we wish to find the range on the horizontal plane we 
have AM=N'L, or 



SB EXAMPLES OF TDE METUUDS OF FINDISG 

By the help of tlie tabW can be found, Hnd lliis Tal» 
of fi must be used iu calculMing Mp, and the time ia Aj>. 

67. Suppose it was required to find the heiglit at which 
the shot would sti-ike a vertical target placed at distance OL, 
and the time of flight. Here we have 

9 
or \\V = (^0-Oil/)-^, 

which gives by tlie help of the tables. Th& value of fi 
80 found must be used to find N'P' and the time in AP. 
Wo must procceii in the same way if it be required to find 
where the shot will be at a given time. 

68. It is manifestly easy to calculate the horizontal, and 
thence the actual velocity, at any given inclination of the 
trajectory to the horizon. Suppose «* \% the horizontal 
Telocity when the direction of motion is inclined i.^ an 
angle + ^ to the horizon, that !s in the ascending branch OA, 
ana ut that when the inclination is — ^ in the descending 
branch AP\ we have 



A = -i- — (3 tand + taa'Al, 

«* V .9 

69, Exainples. The 16-pounder muzzle-loading gun fires 
an ogival-headed shot 16 lbs. in weight, and 3'54 inches in 
diameter. If the angle of projection be 2°, and the i 
velocity ]358/-«, find the trajectory and time of flight. 

Here m,= rcosa= 1^58 0082°= 1337'2; 

w!=16lbs., d=Zbi\u., and'— = -7832. 

The mean coefiicient of resistance used is- that due to a 
velocity of 1270/-fl, and therefore ^=108-5 and log— ="5276, 

= '67668, 



4 

fires 
es in 
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and therefore tt„=1139'0/-«. 

g ' 9 VIWM)/ g 

'-r^,' = -04118; T,^' = -000761; »!r,^' = -03788. 



J ^ 



S 



= (1000)' H* f 3. V = r^ ^ {-^ V = 3-90, 
^ 'a VlOOOy «; to VlOOO>/ ' 






,a?^ = -2- X "X,.^" = 1659-7 feet ; ^^ = -^ x * F,^" = 30-67 feet ; 

/, = ^x •?;.; = r'-340. 

For the descendiD^ branch, suppose the mean coefficient of 
resistance to be 3iat due to a velocity of 1080/^, and 

therefore jK"= 103-4 and log— = •5068. Taking u^ as the 

velocity of projection in a horizontal direction, we have 

= -99318 ;. 
therefore w ,^ = 1002-3/-«. 

'^Jr3^***'= -03670 ; "r3./* = --000737; "?;.,»'*=: -03920. 

„a:,.,= 1479-2 feet; ^,., = 29-70 feet ; ,^^,= r-387L 

Let a?, y be the coordinates of the centre of gravity of the 
projectile, and t the time when the shot is moving in the. 
descending branch of its trajectory in a direction inclined to 
the horizon at an angle of 2''-4 or 2''24'. 

a^ = 1^0 + 0^24 = 3138-9 feet, 

y=.yo+oy«.4= 0-97 feet, 

« = .^0 + o^«.4 = 2"-727, 
and the velocity 

= v\^ = ?*',.^. sec2'-4 = 1002-3 sec2'-4 = 1003-2/-^.. 

The range on the horizontal plane 

= (3138-9 4- 0-97 cot2**24') feet. 

Similar calculations have been made for a gun of 3*3 inches 
firing 16 lbs. shot of 3-24 inches* in diameter. Here K= 1307, 
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»=lGlbs., </=3-24 iDcIiea, and -=-G561. The following is 

a stateinont of the results. 

t<„=U3G-5/-«, 3! = 310lfeet, ^ = -1-09 feet, ( = 2"-715, 

w',,,= 1018'6/-«, and ij',^=10I9-5/-fl. 

Hence it appears that if the 3'3 Incli gun was 6red at an- 
elevation sufficient to give the same range as the 3*6 inch 
gun when tired at an elevation of 2°, tlie shot fired from 
Sio former gun would lia^-e a higher striking velocity, but 
would then nave nearly the same inclination to the horizon. 
As the elevation was increased, the advantage would be 
more and more in favour of the 33 inch gun, both in striking 
velocity and flatness of trajectory. 

70. A spherical shot weighing 84 lbs. is fired from the 
100-pouoder smooth-bored gun with an initial velocity of 
1564 feet per second. The angle of projection is snpposed 5\ 

Here V= 



= 15G4 C0H5° = 15i 



8-9 in. : 



= 1564/-S, 

= 94 lbs.: — =-8427: 



= 9-93565. 



The mean coefficient for the ascending branch is that due to 
a velocity of 1300/-S, therefore K= 147-8, and log— = -6619. 
(Table IT), 



(™)"=r^)' 



= 1-28236; 
f,„ = 920-5 /"-s, 



By the help of proportional parts, the following values of 



I 



, Y, and T are found from t 
''-^..„,/ = '13525: ^Y,„ 



Tables 
■006 910; 
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For the dcacending branch wc suppose the shot projected 
horizontally with an initial velocity u^ = 9'20'5y-s, and to be 
acted upon by the resistance of the air varying as the velocity 
cubed, the mean coefficient used being that due to a velowty— 

of MOf-a. Here K= 1 38-2, and log — = -6329, 



/loooy 



therefore 
and 



= 7O8-0/-S 



JCrf- , 



Y, 



and T are found for 



■ = ■12156,. 



From the Tables the values of X 
7 = 2-822 

•X,.^' = -10575; " r,.^' = - -OOBTae ; 
whence „a:f, = 2783-2 ft. ; ^, = - 178-6 ft.; „<^ = 3"-47S. 
But ^„ •= 3559-7 ft. ; ^„ = + 18]-9ft.; ^(„ = 3"-077; 

therefore x = 6342-9 ft, ; y =+ 3-3 ft. ; ( = 6"-553 ; 
and Wg' = Mg' 8ec 8° = 7 1 5/-s. 

When the shot is 3-3 feet above the level of the muzzle of 
tlie gun in tlie descending branch, its course is inclined at 8° 
to the horizon. Hence the range of the shot on the hori- 
zontal plane =(6342-9 + 3-3 cot 8°) feet. 

But suppose that we wished to calculate the exact range, 
time of flight, striking velocity and angle of incidence. In 
the first place we remark, that as the shot has risen to the 
height of 181-9 feet, it must fall through an equal height. 
Let ^ be the angle of incidence, then in the descending 



branch ,y^ = I81'9 feet = 
therefore 

and "Y' 



Hence, by proportional parts, 
incidence 



"Y. 



1';.^'' = -000910. 

; = -008329 - -OOC788 = -001541, 

; = -006910 - -006788 - -000122. 

find ^ = 8''-079 the angle of 



4 



^■10657: and T,.., 



= ■12264, 
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wbicli give 

But 

therefore 

The striking velocity v\. 



= 2804-9 
= 3559-7 
= 6364-6. 



„f.^ = 3"-507; 
j^ = 3"-077. 
T = 6"-584. 
Is found from the equations 



/loooy _ /■loooy 



, K d' 



xiU 



and 



:8*-079. 



71. We will now proceed to explain how the tables may 
be used in calcuUtiag the trajeetoiy of an ogival-headed shot 
when aucceaaivo arcs are auppoaed to be described uader the 
action of a retarding force varying aa the cube of the velocity. 
The coefficient of resistance for any arc must be taken ap- 
proximately, BO aa ID give the mean value of the coefficient 
ibr that arc of the trajectory. It will be convenient to change 
the coefficient of resistance at points where the tangents to 
the trajectory are inclined to the horizon at angles expressed 
exactly in some number of degrees, becauae the values of X, 1", 
and T are given in all those cases in the Tables. Afterwards, 
for comparison of the results, the range, &c. will be calculated 
by the use of only one coefficient for the ascending and one 
for the descending branch. 

An ogival-beaded ahot C-34 inches in diameter, weigh- 
ing TU'Glba. is projected at an angle of 5° with an initial 
velocity of 1335 feet per second; find the path described by 
the ahot, ita velocity at various points, its range, and angle of 
incidence. Here 

F=1335/-a, M, = 1335coa5°=1329-9/-«, K = 70-6Ib8., 



d=6'34 inches, 



= ■56935, log- 



The coefficient of resistance for the fii-st arc of the trajectory 
is that due to a velocity of 1300/-s; therefore ^=107'9 
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We must now find the yalae of w^, 

/1000\' ^ /1000\» _^d^ p 
\ u^ J ^ \ % J 9 w * 

= -52635, 
or M^=1238-5/-«, and v^= 1238-5 sec 4'. 

The value of 7 = — — (-^] = 2-058, 

«^4 = ^ '^.0^' = 897-7 feet, 5X4 = y ' ^.^' = 70-8 feet, 

5^4 = ^*^.J = 0"-700. 

For the arc 4° - 3° we suppose the angle of projection to 
be 4**, the velocity of projection v, and the coefficient of 
resistance to be that due to a velocity of 1200/-« ; therefore 

K=^ 108-9 and log - = -5293, 

if 

/loooy ^ /loooy ^ ^ £! p .93^07, 

pr w^=1024-l/-«. 

And f^y = (m' 1 ^ ^' p. = -62797, 

or M, = 1167-8/«. 

The value of 7 = - - f -^V = 2-069, 

A=^ *^.^" = 786-2 feet, \y, = ^ *r,.J = 482 feet. 

For the arc 3" — 2** the coefficient of resistance is that 
which is due to a velocity of 11 35/-^; therefore -£"= 107-7 

and log — = -5244. The new value of u^ to be used for this 

arc is found, as before, = 1025'3f'8 and w, = 1111-.6/-5, 
7 = 2-053, which give 

,a:, = 704-8 feet, 3^, = 309 feet, 3«,= 0"-619, 



i EXAJiPLES OF THE METHODS OF FISDtNO 

For the ktc '2°— 1° tbo coefficient of resistance is that whic 
due to a velocity of 1090/-*; thorefure A'=105-l and 

log — = '513'J, which gives the new value of u^=W2Tlf-Sj 

w, = 1066-0/^, and 7 « 20U, from which it is found that 

^, = 642-6 feet, ,y, = 16-9 feet, ,(, = 0"'590. 

For the arc 1° — 0' the coefficient of realstance is that doe 

to a velocity of 104 7/-S - •"- — '"— ^' "■■'—-"— 



: therefore Ar=9l'4 and It 



;- = '4533, 



J . 



which gives K„ = 103f9/-« for the calculated velocity wi 
which the projectile is moving at its highest point, 
7 = 1'770, from which it Is found that 

,a;„ = 596-0 feet, ,i/„ = 5-3 feet, ,(„ = 0"-568. 

For the descending branch wo shall make use of intervals 
of2°. 

For the arc 0° to - 2° the coefficient of resistance is that due 

toavelocity of 1010/-S; therefore A'= 77-5 and loj 

and the shot is supposed lo be projected horizontally i 
a velocity w = 1031-9/-ff, It must bo remarked that for 1 
descending branch of the curve P_^ = — Pi, for 



1^ 



P^ = 3 tan {- <^) + tan' (- 

/loooy ^ , 



0) = - 
lOOOV 



(3 tani^-l- tan"0) = 



= ■9102O + -14370 = l-O539O, 

or m'^ = 982'7 feet and 7= 1'506; from which we find 

^a;, = 1099-1 feet, „i/, = - 18'9 feet, „(,= l"-092. 

For the arc - 2° to - 4° the coefficient of resistance is that 

due to a velocity of 970/-s ; therefore A'= C9'G, log — = -334:9 

which gives w'„ = 1026-4/-S, u'. = 945'4/-s, and 7 = 1-331, from 

which we find ,3!^ = 1009-6 feet ; .^1/^= -52-7 feet ; ,(, = l".048. 

For the arc — 4° to — 6° the coefficient of resistance is 

that due to a velocity of 935/-e; therefore £"=66-2 and 

log — = -31345, which gives the new value of w'j=1021-8/-s, 

u', = 914-3 /■«; and 7=1-250, from which we find 

,a:, = 944-5 feet, 4^, = - 82'4 feet, ,(g=l".0i6. 



V. 
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It is now necessary for us to find the height of the shot ; 

since ^y^= 70*8 feet, and Qy^ = - 18-9 feet, 

4^,= 48-2 ,y,= - 52-7 

.y.= 30^9 ,y, = - 82-4 

^y^= 16-9 -154-0 

»yo= 5-3 + 172-1 

Height of vertex =172-1 + 181 

When, therefore, the shot has fallen through an additional 
vertical height of 18*1 feet it will be in the horizontal plane 
passing through the point of projection. Suppose 7= 1*250, 
we find 

'X,.J = -01393.; •r;.J = - -001587 ; *?;. J = -01570. 

Supposing that ^ denotes the inclination of the trajectory 
when it meets the horizontal plane passing through the point 
of prqjection, then to determine we have 



w'^ 



^y^ = - 18-1 feet =-<>-«^,^^ 



or « r = - -f ,- X 18*1 = - -000558. 



Hence it Is found by proportional parts that ^ = 6'*-352. 

^a;^= 897-7 feet p^ =1099-1 feet 

^0*3= 786*2 ^x^ =1009-6 

30:^= 704-8 ,a?3 = 944-5 

^x,^ 642-6 ,a-,.3,, 159*1 



1^0 



a?o= 596*0 +3212-3 

3627-3 + 3627*3 

therefore x = 6839*6 feet 

3«^ = 0"*700 ,«, =r*092 

^3= 0*654 ^^ = 1*048 

3^,= 0*619 J.^ = 1-016 

,«,= 0*590 eU« = _0lll5 .^ 
,^,= 0*568 3-331 

3-131 3*131 

T = therefore T = 6*462 seconds 



M 



eXAMl-I.KS 'IP THE HETUOIflJ OF FIXDING 



wLichgiTed w.-10a3-»/-a, 



T=« 



=2-oce, 



passing 


thrmigh 


the mazzle 


171-9 ft 


;»"d./. 


,„ = 3 


-328; 


171-9 ft 


; and ,(„ 


= 3 


-127; 


Oft. 


; and T 


= 6' 


■455. 



72. Wo will now proceed to calculate the last example 
lij" two mcpn, the itivmion being at the vertex of the trajectory. 
I'or the ascending branch take the roefficient doe to a 

vf/l-K-lty of 118i»/-«, therefore S"=I08-9 and lor— = -5290, 
llHreforo ff 

~ ff K uoooj ■ 

and ^,-3017-5; x='"'9j and ,(„ = 3"'127, 

For the dcHcending branch we shall use the eoefficlenta 
due to It velocity of 'JMf-s; tJierefore A' =67-4 and 

log — --aaiO. This gives 7=1-280, and the angle of in- 
cidence on the horizontal plai 
of the gun - G'-UO. 

^T,„-8208fift.; „y,^ = 
bat ,»•„ -3BI7-flft.; ,y„ = 
.-. X -fiSai-Oft.; Y = 
The former valuoa were 

X - 6839-6 ; V •= 
The coefficients given in Table I. for ogival-headcd elongated 
shot, and other kindred fumis, and those in Table II. for 
KuhtTJeal shot, liave been found for the highest velocities 
likely to be obtained in practice. But the coeffiuients for 
VL'liiciiicN below abmit UWOf-s require to be determined by 
A spocint set of cxporiinents. These are, however, of far 
luNM itnpoHiince than those for higher velocities. 

Also, if any different form of projectile should be required 
for UHc, then it would only be necessary to find a new table 
(if vnlucK (if A' for tlist particular form of head. All the 
remaining tables would then be applicable. 

If the tables should bo required fur some place on the 
earth's surface, where the force of gravity 9' waa sensibly 
different froui^, the force of gravity at Green-ivich, then all 

iho vhUios of log -- would bo required to be increased by log^. 

73. Tlie preceding investigations of the path described 
by a projectile moving through the air are bapcd upon the 

wsition that the resistance of the air acts through the 



0; 



and T 



I 



I 
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centre of gravity of the shot, and in the direction of a 
tangent to its path. Tliese would apply strictly to the case 
of a spherical shot which did not rotato and whose centre 
of gravity eoincided with its centre of figure, and ita motion 
would he entirely in the vertical plane of projection. But 
we should only obtain by this means an approximation to 
the path described by an elongated shot fired from a rifled 
gun. Practically, a shot of this kind is found to deviate to 
the right, when the rifling communicates a ri|^ A (-handed 
rotation as seen from the gun. If there were no resistance 
of the air, then the centre of gravity of the shot would 
describe a parabola, and the axis of the shot would continue 
parallel to its original direction, as is represented in fig. 8°, 
just as the earth moves in her orbit and maintains the 
parallelism of her axis of rotatidh. The resistance of th e 
air altera alt th i s. It causes elongated sHot to move approx i- 
mately point foremosE 'i'hus when an elongated ogival- 
beaded shot eSdapdS fi'om a rifled gun, it is moving in the 
direction of ita axis, or very nearly so. The action of gravity 
very soon causes the axis of the shot GB, (fig. 9°), to make 
a small angle with CD, tlie direction in which G, the 
centre of gravity of the shot, is moving. Tho resultant 
resistance of the air then tends to turn the shot about an 
axis through (?, perpendicular to the plane BOD, so as 
to increase the angle BOD. If the shot had no rota tion. 
the shot would fly end over en d. But if the shot seen from 
iJ had a 7-2]^/tf^handed rotation about its axis, this motion would 
be combined with that which the resistance of the air tended 
to impart to the shot, and, in consequence, the point A as 
seen from C would be slightly deflected to the right. Suppose 
this continued, then the consequence would be that the axis 
6A would describe a cone about CD, rotating in the same 
direction as the shot rotates about its own axis. Wo have 
been considering the motion about the centre of gravity G, 
supposed fixed. If we now consider the motion of translation 
of tne shot, we shall easily see that the resistance of the air, 
acting normally to every part of the surface of the shot, 
will have a resolved part which will be effective in a slight 
degree in pushing the shot away from CD, the direction 
of ita motion. Thus the shot will have a sinuous motion. 
But as t\i& first deflection of an ogival-headed shot spinning 
with right-banded rotation la to the riRht, and afterwards, 
a9 its point is directed more to the right than to the left, 
the shot will have a deviation on the whole greater to 
the right than to the lelt. 



i 
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74. If the fonn of the head of the shot, or the position 
of the centre of gravity of the shot, was such that the 
reaiatance of the air tended to diminish the angle BOD, 
then, the ahot having a rigbt-handcd rotation as seen from C, 
the axis GA would have a left-handed rotation about the 
tangent CD, and the resulting deviation of the shot from 
its vertical plane of projection would be to the left. This 
is the case with a Hat-headed shot. 

Professor Magnus* has sliewn how to illustrate the mo- 
tion of rifled shot hy means of the gyroscope, and General 
Mayevskit baa publiahed a mathematical investigation on 
the aobject. For practical illuatrationa aee a paper on the 
Derivation of Elongated Projectilea, by Major Owen, B.A.J 



* Ueber die Abietichtmg iter Getchoiie, 1860 j uid first edition tnmBlBted 
in Ta^lor'a Scimli/ic Umioirt. ISSS. 

t De rJNj!Nfflc« du Movccmem de Rotaiion mr la Tnyedoire del Prajtctilet 
oblongi, Aiiu I Air. Reaut (fe Ttehnohgia Militaira, t, v., p. 13, 18B6. 

1 Procadiagi of tht R.A. /futitwion, Tol. it., p. 186 : and Tnaaiie on 
Moaern Artilltrs, p. 2U. 
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DESCHIPTIOS AHD USE OP THE GENERAL TABLES. 

75. It will be found sufficient for many practical purposes 
to neglect the ciFect of gravity and treat tne motion of a aliot 
as if its path were a straight line. This will suffice for ex- 
perimentat purposes when it is desired to find the loss 
of Telocity, or the time of flight for a limited space, the 
mitial velocity being high. Ihe leaa the shot is affected 
by the resistance of the air the more accurate will be the 
results. Therefore this method will apply better to pointed 
elongated shot than to spherical shot, and better to solid 
shot than to shell of the same external form. 

76. The equation of motion for the cubic law of r^ 



id therefore 
Suppose tha 



= F when ( = 0, « = 0, then C=4T" 



- ■^ = ibt = 2tK- 



(lOOOj" 



, \iK=2b-p{WQQy, 



500 f/ioooy _ /loooyt 



frhich connects t and i 



Again, 



•■(1). 



and integrating, 
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d* (1000)' f/1000\ /1000\) ,„. 

la '—K- il— ) - \-V-)\ ^2)' 

which connects b and v. 

If in the equation -rv=2J«, we substitute t for - , 

^ V K ' fife V ' 

we have 

dt 1 ^, 



and integrating, we have 



8 



t=y+bs' (3), 

which connectB t and s. 

If wc divide -« — tt^ = ^^^ 

V V 

wo obtain - + 7?= — (4), 

V V 8 ^ '^ 

which connects v, f, and ^ independently of 2& the coe£Bcient 
of resistance. 

77. In determining the velocity of a shot it is usual to 
measure the time in which a given short range is described| 
and then, dividing the space in feet by the time in seconds, 
the result is adopted as the approximate velocity at the 
middle point. If the cubic law of the resistance of the air 
be supposed sufficiently near the truth, this may easily be 
shewn to be strictly correct for any range, so long as the 
path of the shot may be considered to be a straight line. 

We have "seen that when V is the initial velocity and v 
the velocity at the distance «, then 

-=^ + 2j5, 
or if V be the velocity at the distance - , then 

11. 
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space in feet _ s 
time in secoodB t 



- , by equation (3), 



-y+ha 

the true velocity at the middle point of the range s. 

78. Inaamoch aa the resistance of the air does not vary 
strictly as the cube of velocity, when formula (1), (2), and (3) 
are used for considerable differences of V and r, It ia necessary 
to uae several numerical values of K. But as this would 
be a troublesome operation to perform in each case, general 
rp VI r.u 1 -500 f/U»00\' /lOOOVl , , . , 
lables of the values of -T^ U I - I -y-\ \ for spherical 

and ogival-headed shot, Tables (ix.) and (xl), and also of 
the values of — ^— \ p-\ for spherical and elon- 
gated shot. Tables (viii.) and (x.) have been calculated. 
It is manifest that these quantites depend upon v and F, 
which are quite independent of the nature of the shot, while 
£ is a coefficient dependent on the form of the projectile but 
not at all upon its weight and diameter. 

79. Suppose the initial velocity to be V, and that the 
Telocity falls from V to i;„ in space s„ and in time (, ; from 
v^ to D, in space s„ and in time t^ ; from w, to n, in space »„ 
and in time t^; ... and from v to w,, in space s,,, and in 
time (,. Let ^,, K^, K^ ...K^ be the particular values of K 
due to the mean of velocities K and y,,ii| and v,, t)jandDj...i'„_, 
and v^. Then we have from equation (l) 



— 




-m 


d' 

— 


600 f/iooov 


-m 


d' 


500 f/1000\' 


-m 



/lOOOYI 
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od Bumming each side of the equation we have 

^J.,.»„.i,{(i^)--(0} (I,. 

Proceeding in the same way with equation (2) we have 

^ _ (1000)' (i( 

^ _ (lOQO)' jU 



(1000)' (1000 1000) 



therefore ^- ^. ^(lOOOrx ' {^' - i"^ (n^ 

In calculating the numerical values of the right-hand 
members of the above equatiousj V was taken [for elongated 
shot) =1700^f-s; »;, = ie90; w, = 1680; i;, = 1670, &c., and 
K^ the coefficient corrcBponding to the velocity l&^af-s, K to 

1G85, K^ to 1675, &c. Tables of the values of - i and — « 

were thus formed corresponding to a loss of every ten feet in 

the velocity. By interpolation the values of - ( and of — s 

which have been given in the Tables, were found for every 

foot lost in velocity. 

It uufortunately happens that equation (3) does not admit 
of the forination of a general Table to connect directly space 
and time. But the use of the two general Tables connect- 
ing velocity and space, and velocity and time, enable us to 
calculate the time occupied in describing a oiven space, or the 
space desciibed in a given time, the initial velocity being 
known. 
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80. (1) Suppose it was asked in what range an 11'52 inch 
ogival-headed shot weighing 600 lbs, would have its velocity 
reduced from 1400 to 1300/-S. Here tf'-i- w = -2212. Let 
s denote the required space, then 

— 3 = -22128 = 1865 - 13i8 = 517, 



' tlie difference of the ranges opposite 1400 and 1300/-S in 
Table Vm. Hence 

s = 5l7-=- -2212 = 2337 feet. 
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(2) Suppose now it was aaked in what time ((} the velocity 
of the same ahot would be reduced from 1400 to 1300/-S. 

e — (=-22I2( = l"-2a8-0"-875 = 0"-383, the difference of 
w 
the times opposite 1400 and 1300/-a m Table IX. Hence 
( = 0"-383 -=- -2212 = l"-732. 

(3) If, on the other hand, the initial velocity being given 
1350^, it was required to find what would be the toss of 
velocity in 50O yards = 1500 feet, we should have given 

— s = -2212 X 1500 = 331-8, the reduced range. Now opposite 

the initial velocity 1350/-S in Table VIII. we find 1599, to 
which must be added the reduced ran^e 331-8, making 1930*8 ; 
and corresponding to this we find the velocity I288-2/-S, by 
the same lable. Hence the velocity of an 11-52 inch 6001b. 
elongated shot would fall from 1360 to 1288-2/-S in 500 yards. 

(4) In like manner, if it was required to find how much 
the velocity of the same shot would be reduced in half a 
second, its initial velocity being 1334_/'-s, we must find the 

reduced time = - ( = -2212 x 0"-5 = 0"-1106. Adding this to 

1"-120, the number opposite the velocity 1334/'-s in Table IX. 
we obtain l"-2306. And opposite l"-2306 we obtain by pro- 
portional parts 1306-6/-S, which is the velocity the shot will 
retain at the end of half a second. 

(5) Suppose a Rodman shot weighing 452 lbs. to be fired 
with an initial velocity of HOO^-s at a target 500 yards 
off, to find the striking velocity. Here if =14-88 inches 

- = ■4898. Then — s = -4898 x 1500 = 734-7, the reduced 

range. Opposite the velocity 1400 in Table X. we find 1501, 
and adding T34-7 to this, we have 2235-7, opposite which, in 
the same Table, we find the velocity 1215-8/-«, which is the 
required striking velocity. 

81. The general Table may be used to teat the accuracy 
of some of the early cxperimenta made with the chronograph 
represented in the frontispiece. From experiment ahne tlie 
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average velocity of eleven shot at every ten feet from the 
gun was calculated and published in 1666, for distances 
between 130 and 1000 feet* Ilere(/ = 3 inches, M?=U-7lb8,, 

and — = -7692. Suppose the velocity to be n41-3/-« at 

difltance 200 feet, to find the velocities at 600 and 1000 feet. 
Here V= 1141'3, opposite which in Table VIII. we find 

2850, to which muBt be added ji — =400 x •7692 = 307-7 

giving 3157-7. Opposite tliia number we find UOO-Ofs. 
Also 800 X -7692 + '2B5U = 3465-4, oppoaite which number we 
find 1063-0/-S. 

Dialajicai. 200 feet. 600 feet, lOW feet. 

Velocities deduced from actaall , irwa-?/. ioRl-7A« 

experiment in 1866 \nil-i/-s 1098 7/-s 1061 7/-« 

Velocities calculated from the) ,,.,.„ ,^nn-n M\RH-n 

general Table VIII J l'"*^ ^ ^^^ *^ ^^^^^ 

Differences +1-3 + 1-3 

Also Tables of velocities of variously formed beada of shot 
at distances varying from to 4500 feet, were appended to 
the second Report dated ISGfi.f The initial velocity was 
Buppoacd to be 1500^s in all cases. Taking the Table for 
an ogival head (1 diam.) where w = 39-56 lbs, and an ogival 
head (2 diam.) where w = 38'50 lbs. and d= 4-7 inches, we find 
DiBtancfB. 2000 feel. 400O feet. 

Ogival (1 diam.) ^-=-5584]l 1500/-S 1267-9/-S 1098-1/-8 

'^'Stvn'?..*",.f°!"!ii»<> i«'-2 "««-2 

Differences +9-3 +8'1 

Ogival [2 diam.) [-=-5738]] 1500/-S 1271-7/-S 1103-7/-S 

Calculated by tlie general 
Table VIII ■ 

Differences — 5-5 

The general Table VIII. was duduced from experiments 
made with ogival-headed shot struck with a radius of one 
diameter and a-half. The consistency of these results is very 
striking, 

* Ihicription rifa Chi'oiKigrat/h, p, 26, f ReporU, ^c. p. 16, 
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82. For high initial velocities (F), and low angles of 
projection (a), the general Tables may be used to find 
approximately the time of flight and trajectory of the shot. 
1 hus, suppose V the initial velocity, and v the velocity when 
the shot would have described the space Op (fig. 8) in time t 
if gravity had not acted. Then, by the general Tables 
VMI. to AL, it is possible to find Op and t If a:, y be the 
coordinates of ^ at time tj then 

x=i Op coaa \ 

become known because Op and t are known approximately. 
Table XII. will be useful to find the values of \gt^. 



On the principle of these General Tables, special Tables 
of the velocity, time of flight and energy of each kind of 
rifled service shot have been calculated for intervals of one 
hundred feet, and recently published under the title: — 

Tables of Remaining Velocity^ Time of Flighty and Energy 
of various projectiles calculated from the results of experiments 
made with the Bashforth Chronograph^ 1865—1870. London: 
E. and F. K Spon, 1871. 
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CHAPTER VI. 



OS THE LAW OF PENETRATION OF PKOJECTILEg. 

83. A KNOWLEDGE of the destructive effects of projectiles 
ia of BO mueh importance that it docs not BGctn desirable to 
omit all consideration of the subject, although 1 have no 
new results to communieate. 

A Commlflsion, appointed hy the French Minister of 
War, carried on experiments at Metz in 1834 and 1835 
with a view to determine the law of penetration of spherical 
shot into various kinds of wood, masonry, and earth. The 
conclusions arrived at were, first, that the resistance of the 
same substance to spherical shot of different diameters^ vai'ied 
as the square of the diameter of the shot; and, secondly, 
that the resistance of diffprent auhalancea to the same shot 
varied as a + ^ x (velocity}', where o aud ,9 were constant 
for each substance. If, therefore, d be the diameter of the 
shot in inches, w its weight iu pounds, and v its velocity 
in feet per second, then the resistance to the shot will be 
expressed by ^7r(f'(a + ^v") = (f"{X + ^D''), and the retarding 

force by — d' (X + fiv*). 

The following are the values of \, yit, and - calculated 

from the values a and y9, as given by Didion,* and a 
to English measures. 
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Substances. 


X 


H' 


"V© 


Oak, Beech, and Ash 


2329-4 


-004328 


734 


Eim 


1787-5 


■(HI3322 


734 


Fir and Birch 


I29G-0 


-002408 


734 


Poplar 


1217-7 


•002263 


734 


Sand, mixed with Gravel 


486-0 


•009031 


232 


Earth, mixed with Sandi 
and Gravel / 


670-3 


•012456 


232 


Clayey soil 


U67-5 


•003799 


554 


Earth from an old Parapet 


782.0 


-0043GO 


424 


Damp Clay 


297.8 


-002209 


367 


Moistened Clay 


102-4 


•000762 


367 


Masonry of good quality 


6166-9 


-008595 


847 


Masonry of medium quahty 


4915-7 


■006851 


847 


Brickwork 


3530-4 


•004920 


847 



84. Suppose that V is the striking velocity of a spherical 
shot, and tiiat when it has penetrated a distance s, in time ^, 
its velocity is v. Let s and T denote the values of s and ( 
respectively wheu the sliot comes to rest, that is, when v = 0. 



We Lave 



- (X + /*0- 



Integrating, 



_2JV^ 



log,{X + /ir"), 



and since a 



= F, C=log.(X + ^K'), 



:'os. 






And total penetration = a = - 
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85. Again, to find the time ( in which the velocity ia 
reduced from V to v. we have 



dv 



_-£^/ 



Integrating, C' - /-^ t = ^ [^) X^n^ v ^(j) . 
But when v= V, ( = 0, therefore 



Hei 



total time of penetration is found by mi 
obtain 



(= 



And the total time of penetration is found by making v = 0, 
when we obtain 



86. Between equation!) (l) and (2) we might eliraate u, 
and thus express s in terma of t, or { in terms of s, and known 

quantities; or, writing -r for v in equations (l) and (2) we 

might integrate again. But it will be found more convenient 
to give certain values to v in equations (l) and (2], and 
thence calculate the corresponding values of s and (. 

87. When a spherical shot was fired into a substance 
which retained its form, the diameter of the cross section 
of the opening was found to decrease gradually, till it be- 
came at last equal to that of the shot. And the section made 
by a plane along the axis of the opening had its convexity 
turned towards the axis. From the Metz experiments, it 
was also concluded that when a given shot was fired into a 
given substance, but with different velocities, that tlie volume 
of the opening made varied as the vis viva of the shot on strik- 
ing. Let y be the radius of a section of the opening at depth 
? when the velocity of the shot is v. Then we have 
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Differentiating, v -j = ky'' = d''{\-\- /if"), by Art. (84), 

or /=- (X + ;*«•). 

And when v = 0, 'iy = d, 

therefore _ = L x^ or A = i\. 

Heuco y'-^d' (l + ^ ly) 

And the radius of the mouth of the opening 

By equation (1), we have 

which gives the equation to the section of tlio opening made 
by 3. plane along its axis. 

88, Additional experiments were made at Gdvre,* in 
1835, 1843, and 1844, to determine the penetrations of sphe- 
rical shot. The penetrations obtained at Metz were a little 
deeper than those obtained at G^vre. But it is plain that no 
great precision can be arrived at in such experiments. 
Substances of the same name may have very different 
degrees of consolidation. As the ballistic pendulum was in 
use when tbeae experiments were made, it was not possible 
to measure the velocity of the shot which actually made the 
openings in the substances fired at. 

89, M. Didion assuraesf that the formula used in calcu- 
lating the penetration of a spherical shot into any substance, 
may De employed to calculate the penetration of an elongated 
shot into the same substance, provided the coefficients X and 
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ft are replaced by jX and j/i. The roBiatauce to an elon- 
gated Hhot, d inches in diameter, will then be expressed by 
Ji/' (X + /if"). But it is manifest that much would depend 
upon the form of the head of the elongated shot. The results 
of a few experiments with 7-inch, 70-pr., 4(l-pr., 20-pr., and 
l2-pr. elongated shot, when fired into compact loam, are 
given in the Handbook for Field Service, 18G7, p, HO. 

90, Although a vast number of random shots have been 
fired against iron plates, no systematic series of experiments 
have been made to determine, in a satisfactory manner, tbe 
law of perforation of iron plates by elongated shot. Before 
anything of the kind could be attempted with success, it 
would be necessary (1) to perfect the rolling of thick platea 
of iron 80 that they should not be caused to separate Into 
thin layers when struck by the shot, and ("2) to improve 
the manufacture of tbe elongated shot so that they shonid 
not break up or sensibly change their form in penetrating 
iron plates. In the next place it would be necessary (3) to 
determine the best form of liead for penetration, by firing, 
with equal velocities, a number of elongated shot of equal 
weights and diameters, provided with variously formed heads, 
against given plates. After these preliminaries were settled 
there would still remain the following four quantities subject 
to variation: (4) the weight of the shot; (5) the diameter 
of the shot; (6) the velocity of the shot; and (7) the thick- 
ness of the plate of iron. In experimenting It would be 
necessary to keep two of these four quantities constant, to 
give to a third variations following a law, and then by 
experiment to determine the corresponding values of the 
remaining quantity, which must of necessity follow some law. 
Thus, in the first place, the weight and diameter of the shot 
might be constant, the striking velocity of the shot might 
be made In succession 900, 1000, 1100, 1200, and 1300/-S, and 
the corresponding thicknesses of plate, which the shot would 
just perforate, might be found by experiment. In cases 
where the projectile passed completely through a plate, 
its remaining velocity would he best measured by taking 
the depth of its penetration into sand, or some more suitable 
substance. 

If such a series of experiments were to be undertaken, 
I should particularly advocate the use of guns with bores 
of J to 3 inches, in connection with suitable thickoesaea of 
iron plates, I believe the law of penetration would. In this 
way, be more accurately and far more cheaply determined 
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tliaD by tbe use of the large guns now in the aervice. In 
confirmation of tliis opinion, 1 refer to the comparatively 
good results obtained by Robins and Hutton in oxpcrinioots 
made with small calibres, by tbe aid of sucb a rude instru- 
ment as the ballistic pendulum. 

The late Ordnance Select Committee were accustomed 
to calculate the perforating power of a shot on the suppo- 
sition that the vts viva of the shot must vary as tbe diameter 
of the shot, and as the square of the thickness of the plate.* 
But on tbe Continent it is thought necessary to make the 
vis viva of tbe shot vary as tbe square of its diameter. The 
approximate law, however, must remain in doubt till a 
systematic course of experiments has been made with small 
calibres, and with shot which will perforate without breaking 
u^, or sensibly changing their form. 



• Britiih Saooiatlon Repartijur 1866, p. 411, 
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ADAPTATIOS OP THE CHEOSOGRAPH SHBWN DT THE 

FBOKTISPIECB TO MEASURE A SUCCESSION OF 

EXTEEMELr SHORT INTEKVALS OF TIME. 

Whbn I brought forward taj original Bcbeme far a Clironometric 
Innlriiinent aii»])ted for Ballistic Ex]ierimeiit8, I lilhographed a rough 
Hkelch tn explain my plans to the late Ordnance Select Committi-e. 
The rollowing explanatory description, which was appended, will be 
sufficiently intelligible without the diaf^rama : — 

" In all experimenU relating to the velocities of projectiles, to the 
"resistances of the air to their motion, or to the effects of projectiles 
" upon iron plates, it is necessary, 

"(I) tlial the time should ha registered by a clocii. of known rate of 
"going, and 

"(2) That the time of Sight over icveral tueeativa equal spaces 
" should be measured by the tame instrument under the lanu con- 
" ditions. 

"The adjoining plan has been compiled with a view to secure these 
"two results. The revolving cylinder is in use at Greenwich; the 
"spark from a Iluhmkorff's Coil is used by Martin de Brettesi and 
" Prof. A, Vignotli, of Metz, teaches how to prepare the paper bo that 
" the hole burnt hy the spark may have a hUck rim and thus become 
" easily visible. 

" Fig. 1. alicd is a cylinder having a metallic surface always kept in 
"eoDnection with ihe wires bi/, cz. by contact springs at b and c. 

"e,f are points Irom which the clock and screen sparks respectively 
"proceed, whenever the currents iiu^, toxz. are interrupted for an instant, 

"g is a fly wheel mounted on an axis h which drives the cylinder 

" i,j are toothed wheels wlich turn the screw o, and thus give a uni- 
" form motion to the carriage k along the bar Im. Thus the holes made 
" by the sparks from the points s,f, will be armnged in two spirals. 

" As each experiment trill be completed in a few second)!, it seems 
" undesirable to complicate the instrument with any more machinery 
"for driving the cylinder, if the fly wheel be set in motion (as a 
"gyroscope) the rotation of the cylinder will diminish very slowly, 
"and the diminisliing distances of the seconds marks will point out the 
" nature and amount of the necessary corrections. The cylinder abed 
" is covered with prepared paper, 

" Fig. 2. 10, r, are two galvanic hatteiies. and y, 2, two Ruhmkorfa 
" Coils. The current from n is broken for every beat of the Clock 
" Pendulum, and at the same instaai a spark from e makes a bole iu the 
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"paper covering of ihe cylinder. When a bslJ from a cannon pftWes 
" through the screens »i, »,, i,,. .(^j, #„, it will interrupt the current in 
" tozs, and thus give a spnrk at/ 

"Fig. 3 shens en arrangement for making and breaking the 
" euirent. OH is a strong but light chain filed at 6 and attached to 
" the lever £i> at H". The leter is kept in contact with CS at C by a 
" strong spring £. The cross wires of the loreen are fixed at one eod 
" to the &ame, whilst the other end, after being bent downward otcc a 
" pulley, is fised to the chain GH. When a ball passes through the 
"flcreen it bends the wires, pulls the chain, raises the lever 5fl about 
" j*o of an inch from C, and causes it to rest against C. The wire 
"breaks and the spring S brings J) in contact with C again and ao 
" renews the current. 



"April 19, 1864. 



(Signed) 



F. BASHFORTH." 
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Thus it is plain (1) that the routing cylinder and (2) that the spark 
of B secondary coil were employed in my original plan of 18<)4, which 
I candidly described as a "compilation." The real secrets, however, of 
my success were (1) the apinuins of the cj-Iinder "as a gyroscope" with 
a view to secure ptr/ect tmoolhntu of motion, (2) the contrivance of 
means for measuring the carying vuition of the cylinder, and (13) the 
invention of a proper form of screen. Unfortunately the Ordnance Select 
Committee in 1B64 entertained a strong objection to any rival of their 
pet Navbz, and, in particular, to all chronographs with "rotating 
cylinders."* But when tliey had in their hands Reports I. and II. of 
my experitnents, dated respectively December, 1863, and October, 1866, j- 
containing abundant evidence of the practical success of the rotating 
cylinder employed in my instrument, the Committee thought it fit and 
becoming shortly afterwards to bring forward the Noble Chronograph, 
which wes, in fact, a very poor imitation of my instrument, only it must 
be borne in mind that I used neither toothed wheels to drive the cylinder 
nor yet a stop-tlock to measure its angular velocity. Under these cir- 
cumstances I could have bad no hesitation in enteriog on a competitive 
trial with m^ instrument as originally constructed. But in order to 
adapt the principle of my chronograph to measure, in the most satis- 
factory manner possible, extremely sliort intervals of time, I had the 
machine constructed which is represented in Gg. 16. The whole change in 
the original instrument was about equivalent to the addition of a seconds 
dial to a clock which previously indicated only hours and minutes. 

The short cylinder F' about 33 inches in diameter is mounted on 
B vertical axis C, which is driven in the manner shewn in fig. IC. The 
eadless band passes round the pulley M shewn in plan and section 
in fig. 17. -P is a fitted centre supporting one end of the axis C of 
the cylinder F: 2) is a pall moving freely about its pivot. When 
the pulley E is spun the heavy end of D has a tendency to fly outwards, 
so that the other end catches in a notch in the asis C and drives the 
cylinder F; When this cylinder has attained its required velocity the 
djiring power is stopjied, and the asifl C, now moving faster than the 
pulley E, pushes the pall I) out of the way, and thus the cylinder F' is 
left spinning "as a gyroscope" under the retarding forces of the friction 
at the pivots, and the resistance of the eir. Its motion will then be free 
from vibration and perfectly steady, so that the loss of its angular 

* Proceediaga o/the Ordnance Select CammiHee, 1803, p. 16. 
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Telocity must follow some sim/^ laie. If it be afterwards found desirable 
to increaie the angular velocity of F, hj turning the handle in the 
right direction, the pall D will be caused lo catch the notch In C, 
and so drive the cylinder till the required Telocity is attained. Any 
ether driving arrangement might be used, provided it did not impart 
a vibratory motion to the frame and was capable of being compietely 
detached from C before the experiment was made. 

The records ore received on paper stretched upon the cylinder F: 
They are made by sparks discharged at the point P from one or more 
secondary coils. In cases where the records are required to succeed 
each other at intervals less than ,'oth of a second it will be necessary lo 
nse Kveral independent primary coils, generally as many coils ns there 
are records to be made. This is in itself a disadvantage, but there does 
not appear to be any remedy. If now, with a view to obtain ail 
the discharges from one point, one end of each secondary coil were 
attached at A, and all the remaining ends at B. it is very probable that 
no record whatever would be obtained at P. For supjiose two coils a, b 
to be BO connected as shewn in fig, IS, ^^lien the primary wire of a was 
broken, it is quite probable that the secondary discharge would not take 
place directly from ^ to .B, but through b to B, which course affords a 
continuous metallic circuit. So nlso when the primary current of b was 
ruptured, the secondary discharge would lake place from AtoS through 
a, and not directly from A to B. If, however, we make breaks in toe 
SMondary circuits as at e, rf (Hg. 19) wa may render the resistance 
of the direct course from ^ to .B less than that of any other. Thia 
Brrangement waa tried with two coils, and proved quite satizifactory. 
There is no doubt it would answer equally well for any number of coils. 

It is plain that the angular velocity of the cj-linder J" could not vary 
unsibly during the short time on experiment was in progress. The 
distances between the records would therefore shew the mlaiive intervals 
at which the primary currents were actually cut, abstraction being made 
of the errors to which the records made with the spark ere known 
to be liable. 

In order to find the absolute intervals of time between the records 
it would be necessary for the exact velocity of the fly wheel to be 
known at the instant when the experiment was made. This is 
satisfactcrily provided for as follows. The chronograph shewn in the 
frontispiece is lued to measure the time of every revolution of the 
cylinder F'. For this purpose a short arm attached to the axis C 
interrupts, once for every complete revolution, the galvanic current con- 
nected with the electro-magnet E. In order to shew during what 
particular revolution the experiment was made, one or more of the 
secondary circuits is arranged to give a record near the markers m, m'. 
This record serves to paint out the particular revolution required, ond 
knowing the exact times of several successive revolutions before and 
after, we can calculate the exact motion of the cylinder F" at the instant 
when the records were made. If necessary, it would be possible to 
calculate the varying motion of the cylinder during the progress of the 
experiment. 

As I have already remarked (Art. 11), the great drawbacks to the 
use of such an instrument in ballistic experiments are (1) the uncertain 
action of the spark as a recording agent, and ('!) the impossibility 
of securing accuracy in space. When the successive intervals of time to 
be measured are subject to rapid variation, as in determining the motion 
if a shot in the bore of a gun, such an instrument is perfectly powerless, 



APPENDIX. 



83 



and at present I cannot think of any practical cme in which it could ba 
used adcantageously. As, however, I found (hat Captain Andrew Noble, 
in conjunction with the Committee on ExploBives, was employing the 
principles of my chronograph not only to an improper purpose, but also 
in a moat rude and unscienlt&c manner, I felt it to be my duly, in con- 
sequence of my official uosition, to explain clearly how to obtnin the beat 
SDhsible result. In or^er to shew how liule noyelty there naa in the 
obie Chronograph, I offered (March 20, 1869) to place my original 
chronograph in the eame circuit with it, using the fiy wheel as 
my rotating cylinder to obtain a Bufficieiit velocity of rotation. My 
chronograpn woa reported ready for the competitive trial offered me 
May 28, 1870, in the following terms: "The chronograph baa been 
" removed from Shoehurynpss, and ia now ready for the inspection of the 
"gentlemen who aretoeiamineinlottiecomparative merits of my chrono- 
'■ graph and that suhsequenlly brought forward by Captain Andrew Noble 
" when applied under like circuinttancrs to any experiment uhalever."* 

It will be seen that I wns careful not to offer to determine the motion 
of a shot in the bore of a gun by means of a chronograph, which I believe 
to be an impossibility, and therefore I consider it an absurdity to attempt 
it. But by putting both inslruroenta into the same circuits the results 
would have been free from any question about the precise time when the 
primaries were cut, that is, from any question about accuracy of epace. 
The real trial would thus have been limited to the comparative merits 
of the two chronographs as measurers of very ihort intervals of time. 
To my regret the competitive trial did not take place, for, if the records 
of the two instruments had been read off and reduced by competent 
mathematicians, the true value of such inatrumcnta as the Committee 
on Eiplosives have been using would have been authoritatively settled. 
But if this question had been decided in favour of one or both the 
chronographs, before the results of the experiments of the Committee 
on Esplosives could be accepted as conclusive, there would remain 
the question whether the shearing instrument employed by them, and 
represented in fig. 4, could be expected to secure sufficient accuracy 
in the intervals of ipace to allow the rapidly varying pressure of fired 
gunpowder to be accurately calculated. 

The following is a statement of the times in which a few aui 
Involutions of the cylinder F" were made in a trial experiment : 



No. 



Time 





seconds. 


23 


13-352 


24 


13'902 


23 


H-463 


26 


16-0U7 


27 


16'564 


2» 


16'125 


29 


16'0S8 


30 


17-2S4 


31 


17-823 


32 


18-395 


33 


18-970 


31 


19'548 


3a 


20-128 


36 


20-712 


37 


21-300 



M. APPENDIX. ^H 

In order to determine the Talue of the eparlt from the aecondary 
coil M a recording agent the following eipenmenta were made. The 
discharging point P (tig. 1(1) was caused to move accurately in a 
line parallel to the nsii of the cylinder F". The primary current of 
the coil wag arranged bo that it was momentarily interrupted at every 
oomptete revolution of the cylinder J". Consequently the eecondaiy 
■parks discharged from P ouKht to have given records arranged in 
a straight line. When the c}'liDder wna stationary, a tracer, attached 
to the same frame as P, woi used to mark a line on the paper. 
The distances of all the records vetb measured carefully from this 
line as a base, and then their mean was found. Afierwarda the dif- 
ference between this mean and each reading was taken as the error 
of that reading. The sum of the numerictS values of theEe errors 
was divided by the number of records to obtain the mean error. The 
velocity of the surface of the cylinder on which the recorda weie 
made was about aoo inches per second and under. 

Experiment I. The successive errors were fOlO, --003, +-(113. -000, 
- -004, - -OlS, ■+ ■()0e, &c, giving the mean error of 34 records = (HH07 inch. 

Eiperiment II. The Buccessive errors were + -001 , - -020, - -048, - ■012, 
■f020, f U06, &o.. giving the mean error of 32 records =0-0112 inch. 

Eiperiment lU. The successive errors were + -OOti, +'012, •000, 4-020, 
■I- -OUe, - -006, &o., giving the mean error of 26 records =0-0118 inch. 

Numerous other trials of the same kind were made, but the general 
results were manifestly the same as those given above, no matter which 
pole was attached to the discharging point. 

In the next place, the marker m, in the instrument shewn in the 
iTontiB|)iece, was replaced by a discharging point properly connected 
with a secondary coil. The fly-wheel was then spun as a gyroscope, 
and, the primary current being rapidly interrupted in the usual manner, 
the records on the cylinder ought to have ranged in a spiral line. 
In this case the lateral drvialiona of 100 successive records were 
measured, and the mean was found to be 00075 inch. In this 
case the error may hove been in some slight degree due to the 
notion of the paper, which was moving at the rate of not more 
than 10 inches per second. 

Lastly, the cylinder F' (fig. 16) was kept perfectly Rtalionary. 
While the primary current was being rapidly interrupted in the 
usual manner, the discharging point P was caused to move parallel 
to the axis of the cylinder. The mean error of 4(i successive recorda 
so obtained was found to be O'OOd!) inch. 



DESCEIPTIOS OF A GRAVITT CHEONOGBAPH. 

After having made preliminary experiments, 1 expressed an opmion* 
that the hallislio instrumentB of Navez, Leuis, Boulenge, &c., might 
be replaced for ordinary purposes by a eimpler, cheaper, and more 
reliable instrument. Shortly afterwards I received several communioa- 
iions on the subject from the War Office. The carrying out of my 
plans proved more troublesome than I at first expected, and, as my 
! then fully occupied by eiperimenls on ' 



• FMloiopkical Trattmctk'w, 1868, p. 419. 
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then 



to the motion of projectilea, 1 v 

be diverted from tbat importi 



I 



a not disposed to allow ny 
I work merely to Tierfect 
I instruoieot to which no scientific interest was attached. When, 
however, the rei)orts on those experimenta had been sent io, I enquired 
whether a. sintplt: form of my ciiruiio^raph was alUI required. Being 
encouraged to proceed with my inveiitiou, and seeing no reacon why 
the simple form of inairumeut should not suBceed, I I'elt ohliged to 
persevere. 

Although the original inotrument, shewn in the frontispiece, would 
have given results of extreme accuracy, yet the exact reduction of 
each round would have beeti attended with a ^reat waste of labour. 
After much trouble the original scheme lor a simple form of chrono- 
graph wag made perlectly succeuful, which was dependent on a time 
scale given by a body '/ailing Jrimlp through a given height. The 
firing of the gun was so tmied that the records of the two end 
screens were nearly equidietant from the time records. Thus A, B are 
the records of the beginning and end of the time, generally hall- 
a-aecondi and a, b,c,d are ihc records given by four equidistant screens. 
^u must be made nearly equal to dS. 



The records are received on a vertical cylinder K, the motion of 
which is regulated by a fly-wheel A, as abewn in the frontispiece. As 
the stage S is now stationary for cnch experiment, there is no necessity 
for the lowering machinery MCD; and the slide L may be made 
of wood. There is onlv one electro-magnet E, and one marker m, 
which is uaed to give botn the time and screen records. The cylinder K 
is about 9 inches in diameter, and the speed must be auch that the 
distance AB representing half-a-second may be from 15 to 2(1 inches. 

The arrangeoient for dropping the ball W, which gives the scale 
of time, is shewn in fig. 11. The wires C'„ C^ must be connected with 
the wirea + and - of the electro-magnet E, shewn in the frontispiece. A 
wire must be carried from B^ to the galvanic battery, to the arrangement 
for dropping the weight by which the gun is firi;d, through three or 
more screens constructed as shewn in fig. 12, when arranged at equal 
distdnoes aa shewn in fig. 13, and finally connected with B,. The 
galvanic circuit ia completed es follows, when arrangements have been 
made for firing a round 1 through the scresns, tc, xoB^,h,i,g,f,d,», 
<, h, a, e, u, coil of the electro- mag net D, r, o, By. 

The firing of the gun is caused by the fall of a weight. When the 
weight is dropped a momentary interruption of the above galvanic 
current is caused. The height through which the body falls before 
it fires the gun requires to be adjusted so as to throw the screen record! 
a, b, c, d in the proper poution relatively to the time records A, B. 

The instrument is represented in fig. 11, ready prepared for the 
firing of a round, the electro-magnet E of the chronograph being 
excluded Irom the galvanic circuit. When the weight intended to 
fire the gun is liberated, the momentary interruption of the galvanic 
current destroys the magnetism In D, and the lever OA, having nothing 
to support it, begins to fall by turning about its pivot 0. The switch 
descends from the position ot to of', and so turns the galvanic current 
into the course B^, o, >, Ci, through the chronograph, C„ to, a, b, c, e, 
rfj/i ffi &o. When the lever OA comes into the vertical position OA; 
Xt strikea b projection on the bolt eA', and thus suddenly withdraws,, 



-would require regularfng with the grealest nicety. If any one of the 
four became unduty strong, one vfloci:^ would be vitiuied, and then 
how would it be poaaible to decide which of the two rtsults was the 
correct one? As the number of such inatrumenlB as ihose of NnveK, 
Leun, Boulenge, &c., ia iDcreaaed, the tiabilily to discordant icsult!) 
is also increased. 



lU. 

ON IHTEBPOI.ATION AND QUADRATUKE3. 
Ws have already seen (Art. 04) that 



1.2.S 






Putting n = ^ in L and II. we have 

"iji = «i + i-lUi - i-l"". *■ lai'u* - ili^''*' + iSsA'Ui, - &C.. .. (<i), 

«<-i( = «. - J-l«x.. - i^Vu- i'.A'«M.-TSTfi'«*u- ifsi'^Mi- &"C...(i}. 

Thus, in Art, 55, we find by iuterpolatioD the proper place of beat 
3,5 secooda, for 

by (") «i.t = "j + Jauj - iA'«. + h^'", 

= 73'637 + i X 23-794: + i x -054 - /„ x -003 = aS'oil. 
or by (6) u^., = u. - Jau, - Ja'u, - ,\a'«, 

= 97*431 - J X 23-794 4 J x -051 + ^\ x -003 = 85511. 
Again, if after having completed the interpolations for half-seconds, 
we desire to find the readings corresponding 10 the one-tenth of a 
second, or to the one-fifth of half-a-second, 
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Stq|)poHi)g the divisions correi poo ding to the lialT-secondB to he 
knovD in Art. 65, lei us find the,, divisions corresponding to 42 
and 4'3 seconds. 



By formuU (c-.) n 
and by formuln (d,) u 



= 97-431 + 
= 109'308 - 



X 1 1-S77 + ,= 
X 11-877 



A >■ -014 



■- 102-lft4. 
. 104-559. 



It nill be observed that the quantities u^ Aii^ a'u,, A'u,, &c., used 
in L, are arranged in a diagonal line pointing dumnumriii from h, 
in the echeioe at page 39. and also that the quantilies u,, i",,/, 
^'"i-tP ^'''f-ifi ^c., used in II., are arranged in a diagonal line pointing 
'•pioardn. We can replace these lormulie hy two others dHpending 
upon Che terms 



■t i«:J , 



a It, = <1*U^ + ^ "r^I + •! «^* 

A'«, = i'u,^ y a-i'",-.! + lio., 
&c. = &c. 
Substituting now these values of ^'ii, 



I 



M)«(n-l>(n-2) 

1.2,3.4 '" 

^- S) (« M) » (h -1)(b-2)(b-3) 



(n-tl)n(»-l){«-2) , (»^2)(B + l)n(«-I)(«-2} , 

* 1.2.3.4 '"* 1.2.3.4.5 A "iji 



-'AVsj-Sc. . 



. IV. 



It thus appears that having obtained values of ...u,.,, u„ «,,,,.. .&o., 
by calculation or observation, we are able to express the value of 
u„j from K,., to u,,,. or, more correctly, from u^-ii to u,,^a which is 
all that is n^ally needed. 

By the help of the preceding formula! of interpolation we are enabled 
to obtain the nmmneal values of Integrals of functions which cannot 



be integrnled In tho orJiimrjf way, Suppo"" i;, lo be the ordinate of 
1 curre corretponilmg lo tlie absoissa x. Then the area bounded by 
■ f ... ... ...... ' at^l. 



'•[{■■ 



T, and the ordinates at the distniices " 
"["'j/tdx = 'f's/..,i<lHl = 'pit/t^dn = °pu,,riiln, suppose, 

, x''("-^>A'., ■ "(''-nf«-2) . 






+ Ti34'"~-!r!H5iX + 



In theaawe mnnnerwe ■nn]' fimS the area of llie eurre enclosed be- 
tween the ordinatea y,,i and y,^^; between i/„.;i andy,,,,!; and bo on. 
And taking the sums of these perlial arena we find the area of the curre 
enclosed by nrdinales at tlie iIi*lonce» n and at rl where r is any integer. 
But this method, applied in the first instance to find the areas of curves, 
may be used lo find the values of the integrals of any continuous 
functions between limits. 

The above formula (V.) was employed in the calculation of the 
tabular tbIups of X. Y, and T. Each of theae quantities is a fnnction 
of 7 and 0. A numerical value was given to -/, and then was made 
in auceeasion 0, + 1°, 4 2°, 4 3°, &c., and 0, -1°, -2°, -3'=...-43°. The 
value (if / or rf0 was the circular measure of one degree. But, when the 
values of (m became irregular, 1 = dip was made equal to the circular 
measure of Jth of a degree. In this way the values of Au, A"u, &c., 
were made lo decrease rapidly, which allowed the formula (V.) to 
be used in spite of the slow convergence of the coefficients. 

Another formula may be deduced from III. 



T{-? 



Page 40, formula (2), for "1%," read " ji ," 

„ 14, Tables, >r "r.,/ = "-676277." read "■07:277.'' 
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5,6! 






1710 


"9-4 


3.710 


.5694 


1970 


105.3 


3,171 


iH8 






1730 


11S.8 


3.6S9 


.5669 


1980 


104.9 


3-158 


5130 






1740 


118.1 


3.669 


.5646 


1990 


104.4 


3.143 


5110 






1750 


! 117-4 


J.648 


.5611 




103.9 


J.118 


S°«9 






■"° 


116.8 


3.618 


.5597 


1010 


103,4 


j.iii 


5063 






:;is 


1 16. 1 


J,6o8 


-5573 




101,9 


l::i? 


5047 






115.S 


3.588 


■5549 


1030 


101.5 


io.8 






179Q 


"4.9 


J.568 


■5514 


1040 


roi.o 


3.169 


5009 






tSoo 


114.1 


3.548 


■5500 


1050 


ioi!s 


3.154 


49*9 






1810 


1 13.6 


3.519 


.5477 


1060 




3.140 


„6, 






i8v> 


113.0 


3.5" 


-5454 


1070 


100.6 


3.115 


4949 






1830 


111.5 


3.494 


.54JJ 


1080 




3.110 


4918 






1840 


111.9 


J.476 


.5411 


1090 


99-7 


3.096 


49=« 






'Sr 




3-459 


.5390 


1100 


99-4 


3.081 


4887 






T860 


110.8 


3-441 


.5368 




98-7 


3.066 


4S66 






1870 


no.] 


3-415 


■5347 


1110 


98-3 


3-053 


4847 






»88o 


109.7 


3.408 


-5315 


1130 


97.8 


3.039 


48.7 






1890 


109.1 


3-39» 


-5305 


1140 


97-4 


3.015 


4807 






1900 


Z08.7 


3-377 


-5*85 


1150 


96.9 


3.010 


4786 






in. 


Log P,p = Log (3 ta 


1 tp -h tan "(p). 




ft 


9 


LogP, 


9 


LogP, 


9 


LogP, 


V L 


OgP, 


," 


8,71909 


16° 


9,94636 


,," 


0,30515 


46° 


61501 




i 


9.01038 


17 


9-97579 




0.31605 


47 


64839 






3 


9.19691 


18 


0.00391 


33 


0.34676 


48 


67..6 






4 


9.31147 


'9 


0.03093 


34 


0.36743 


49 


69666 






5 


9.4Mig 




0.05695 


35 


0.38809 


50 


71164 






6 


9.50034 


ir 


0.08111 


36 


0.40877 


51 


747M 






7 


9.56844 


11 


0.10654 


37 


0.41951 


51 


77JSS 






8 


9.61777 


13 




38 


0.45037 


53 


Sooi, 






9 


9.68045 


14 


0.15349 


39 


0.47135 


54 


81844 






IQ 


9.71791 


15 


0.176,8 


40 


0.49150 


55 


85717 








9.771" 


16 


0.19844 




0.51385 


56 


88685 




■. 


li 


9,81109 


17 


0.11033 


41 


0-53545 


57 


91755 


4 


■ l ■! 


9.84813 


18 


0,14191 


43 


0.55751 


SS \ 


■'i\-m ■ 




9.8S1S0 


ip / 0.2632^ 


44 


o.579B^ \ ',^ \ 


o.*»A^_B 


Ilife 


^^J^J 


30 j 0.18431 1 45 


o.6ozo&\ bo \ 


--I 


^^^H 


■^ 




m 






1 


^^1 





V. VALUES OF X 


, Y A T FOR IKTERVALS OF 0^2. 1 




T 


= 0,00 






T 


^ 0.01 




f 


X 


Y 


T 


4- 


X 


Y 


T 


6&? 
59* 
S9.6 


1.70446 


1.50000 
1.47606 
MS159 


1.73105 

i.7.8t8 
t.70446 


60.0 

59.8 

59.« 


■-77949 
■-76457 
■-74984 


'■55885 

.533" 

..5079: 


1-75554 
..741.1 
1.71691 




59-4 
59.» 
59-0 


1.69091 
1.67751 
1.664x8 


1,41959 
'•40703 
1.38491 


1.69091 
1.67751 
1.66418 


59.4 
59-. 
59.0 


■-73530 
I-7W96 
■ 70679 


..48313 
'■45906 
'•43539 


1.71188 




ss.s 


1.65110 
1.63816 
1.6*548 


1.36311 
'-34195 
1.31:09 


1.65U0 
1.63816 
1.61548 


i..B 


■ -69.81 

■ -678,, 
■-66535 


..4111. 
1.38949 
..36713 


..67180 
..65843 
1.64543 




57.» 


1.6US3 
1.60033 
'■58797 


1.30061 
1.18054 
1,16083 


1.61183 
1.60033 
'■58797 


578 


■ -65188 

■-63857 
■-6.543 


1.3454* 
..31404 
1.30308 


1.631.8 

1.61918 

..60653 




S7.6 
57-4 
57-» 

1^ 


'■57575 
1.56366 
1.55170 


1.14149 
1.10388 


■■57575 
r.56366 
1.55170 


57.6 
57-4 
57-1 


■ .6^,« 


..14161 


1.59393 
1.58147 
1.56915 




1.53987 
1.51816 
1.5.658 


1. 18559 
1.16764 
I.J 5001 


;-53987 
1:5.658 


57-0 
5t8 
56.6 


..57437 
1.56198 
..54973 


..11314 
1.10413 
...8558 


'■55697 

'■54493 
1.53301 




U 


1.50514 
1.49378 
1.48156 


1:11569 
1.09899 


.,505.1 
'49378 
1.48156 


56.4 
56,» 
56.0 


..53761 
1.51564 
1.51380 


1.16718 
.■14931 
1.13170 


1.51114 

;:3f6 




55-8 
55.6 
55-4 


1. 47146 
1.46046 
1.44958 


1.05065 


..47.46 
1.46046 
1.44958 


55.8 
55-6 
55-4 


150109 
1.49051 
1.47905 


1.1.440 
1.09741 
1.08075 


..48665 
'.47537 
..46410 




55-1 
55-0 
54.8 


..4388. 
1.418 15 
■■41759 


1,03509 

r. 01 980 
1.00478 


..4388' 
1.418.5 
M1759 


55.a 
55.° 
54.8 


..46771 
.■4565' 

1-4454' 


1.06438 
..04831 
..03155 


.■453.5 
1.44111 
1.43140 




546 
544 
54.. 


1.40714 
1.39^79 
1.38653 


.99001 
■9755° 
.96114 


1.40714 
1.39679 
..58653 


54.6 
54-4 
54-1 


1.43444 

•.till 


.,0.703 
:98684 


..41068 
1.41008 
■■39958 




54.0 
53.8 
53.S 


1.376J8 
1.36633 
1.35637 


.947" 
.93343 
.91987 


1.37638 
1.36633 
1.35637 


53-6 


t.40119 
1.39165 
1.38113 


.97114 
-95770 
■9435' 


1.389.9 
..37890 
1.56871 




55.4 
53.1 
53.0 


1.34650 
1.33673 
1.31704 


.90653 
.89341 
.S8051 


1.34650 
.■33673 
1.31704 


53-4 
53-»| 

53.0 


1.37091 
.,36069 
1.35058 


.91956 
.9.585 
.90138 


1.35861 
1.34863 
t.33873 




5..6 
5».4 


^■3r745 
1,30795 
1.19853 


.86783 
.85536 
.84309 


'■31745 
..30795 
1.19853 


5^-6, 

5.-4 


1.34056 
..33064 


.889.4 
.87611 
.86331 


..J189. 

1.31941 
■■30959 




5... 


i.aSgig 
1.17994 
1.17077 


.83101 


1.189.9 
..17994 
1.17077 


5.->| 
5»-o 
51-8, 


..31.08 
1.30144 
1.19189 


■85073 
.85834 
.816.6 


..30007 
i.«9o65 
1.18.17 






1.16169 
1.15168 
1-14375 


■77346 


1.16169 
1.15^68 
■■44375 


5.6 
51-4 
5 1. a 


1.18143 
1.17306 
..16378 


.81418 
.80140 
.7908. 


I:i^i8i 
..15371 




■ 




^ 






\. 


^M 



I 


■ 


^ 




^^^^ 




^ 


^ 


1 




T 


= 0.01 




Y 


= 0.03 






1 


tf 


X 


Y 


T 


? 


X 


Y 


T 


f 


59.; 

59.6 
59-4 
59.^ 
59,0 


i.8j»54 

1.8.636 
t.80041 


1.61567 
1-59774 
1.57045 


1.75139 


60.0 

59.8 
59.6 


I.R9166 
1.87490 

1.85743 


1.70164 
,.67100 
..64111 


1.80950 
1,79380 
1.7783* 


1 


1.78468 
1.76919 
'7539' 


'.54376 
1.51766 
'■49*13 


..73680 

1.71139 
..708.7 


59.4 
59.1 

59.t 


..84015 
t.81334 
1.8067. 


1.6.194 
1.58447 
1.55667 


1.76306 
1.7480a 
1.73318 




^ 


58.1 
58.6 
58.4 


'.73885 
1.71399 
1.70934 


t.46716 
'.44173 
r.41881 


..68017 
1.66658 


!!.B 
58.6 
58.4 


1.79033 

'■77411 
1.75833 


1.51951 
1.50J01 
1.47710 


1.7.854 
1. 704 10 
..68985 




1 


58.1 
57.8 


1.69488 
1. 6 806a 
1.66655 


'.39541 
1.37150 
1.35007 


..65306 
1.6397' 

1.61651 


58.1 
58.0 
57.8 


1,74170 
1.71719 
1.71111 


..45.78 
1.41703 
1,40183 


1.67579 
1.66191 
.,64811 




1 


57.6 
57.4 
57.1 


1.65166 
1.63896 
1. 6154* 


1.31810 
..30658 
1.18550 


1.61349 

1.60061 
1.58790 


S7.6 
57.4 
57.1 


..69716 
1.68141 
1.66788 


1.37917 
1.35603 
1.33339 


1,63469 
1.61.34 
1,60815 




V 


Hi 

56.6 


i,6tio6 
1.59887 
1.58584 


..16485 
1.14461 
1-11478 


'■57533 
1,56190 
1.55061 


56.6 


1.65355 
.,6394. 
'.61547 


1.31113 
'■18955 
..16833 


1.59513 
1.58117 
..56956 






56.4 
56.1 
56.0 


1.57198 
1.56017 
'■54771 


1. 105 34 
I. .8618 
'.16759 


'■53847 
'■5*647 
.,51460 


56.C 


t.61171 
'.598'5 
1.58476 


1.14755 
..11711 
1.10718 


1-557°' 
1,54461 
1-53135 






55.8 

55.6 
55.4 


'■53530 
1.51304 
1.51093 


1.14917 
1.13130 
'."367 


1.50186 
.,49115 
'47977 


55.8 
55.6 

55-4 


1.57154 
1.55850 
1.54561 


1.18776 
...6864 
1.14990 


1.4964* 






55.» 


1.49895 
1.48711 
1.47541 


1.09638 
1.07941 
1.06176 


1.46841 
'.457'8 
..44607 


55.1 
55." 
54.8 


1.53191 
..51035 
1.50795 


1,13154 
i.i'354 
1.09589 


1.48471 
'.47315 
1.46171 




m 


..46385 
1.45141 
1.44109 


1.04641 
..03038 
I 0:464 


1.43507 
1.41419 
..4.341 


54.6 
54.4 
54,1 


..49570 
r.48360 
1,47164 


1.07859 
i,o6i6j 
..04499 


',45039 
1.43910 
1,41813 




f 


54.C 

53-8 
53.6 


1.41991 
..41884 
1.40789 


.99918 
.98401 
,96911 


..40176 
..39111 
',38177 


r,i 

53.6 


..45983 
..448'5 
1.4366. 


1.01867 
..01166 
■99695 


..41718 
1,40634 
1.39561 






53-4 
53.0 


..39706 
1.38635 
'■37575 


■95447 
,940.0 
.91598 


1.37143 
1.36110 
1.35107 


53.4 
53* 
53-0 


1.41511 
1.41393 
1,40178 


.96640 
■95155^ 


1. 38501 
1.37451 
1.36413 






5«.B 
5*-4 


1.36546 
'.35488 
t. 34460 


.88509 


1.34104 
1.3311. 
.,31117 


51-4 


1.39175 
1.38085 
1.37007 


.90860 


1.35385 
1-34367 
1-3J359 






5.. a 


1.33441 
I -3^3 5 
■.3'438 


.87.91 
.85898 
.84617 


i.3"5i 
1,30187 
1.1913' 


51,1 
51.0 
5.-8 


'-35940 
1.34885 
'.33841 


.89480 

88.15 
.86794 


1.31361 
1-3137* 
1.30393 






51.6 
5 -.4 
51.* 


'.3045' 


.83378 
.81149 
.80941 


1.18184 
'.17346 
..16416 


5',6 
51.4 
5t.i 

Hi 

50.6 


..31S08 
i,3'786 
'■30774 


.85486 
.84101 
.81938 


1.19414 
1.18465 
1*7515 




^ 


-1 

,50.6 


t.17548 
1.16598 
1.15658 


;;s?i'5 

■77436 


1,15494 
.,14581 
1.13676 


1.19773 
1,18781 
1.17801 


.81697 

.%047T 

\ .7W* 


',16574 


\ 


■ 




5 








^1 



r 


^^ 




^^^" 




^ 


^ 


1 


1 


= 0,04 




T 


= 0.05 






ii-^- 


Y 


T 


,i| X 


Y 


T 


59.8; 1.94116 
59.6 1.9117 s 


if 

1.71568 


1.84. 16 
1.81459 
1, 80818 


60.0 a.04361 

59.81 1.01111 

59.6 .,99913 


1.90178 
1,86197 
1.81535 


..»77.« 
1.85951 
1.84W5 


1 


S9-4 
S9-0 


1.90371 
1.&8503 
1.86669 


r.6jii4 


'•79111 
1.77640 
..76081 


59.4 1.97764 

59.1; 1.95661 

59.0 1.93605 


1.78886 
1.75346 
.,71908 


1.8*50., 
1,80831 
..79.8. 




1 


51.4 
5!.. 

5l.d 
57.8 


1.84867 
1.S3097 
..8.358 


1.60138 
1.57117 
1,54388 


1,74546 
..73033 
>.7'54i 


58.8I 1.91591 
58,6 1.89618 
58,41 1.87685 


.,68569 
1.65315 
1.61170 


'■77557 
..759fc 
..74J18 




1 


..79648 
i.77967 
1.76314 


1.51610 
1.48920 
1.46184 


1.70071 
1.68613 
1.67193 


5g.ll ..85790 
58.01 1,83931 

57.8I, i.Ba.oS 


i.-ig.oi 
1.56. .6 
1.53110 


,.7.84. 




1 


57.6 
57-4 
S7-> 


1.74688 
i.73°88 
i.7i5"3 


1.43711 
'I87I8 


'-65783 
1.64391 
. .63010 


57.6, I.8D3iq 
57-4 175563 
57.1; 1-76838 


1.50379 
..47611 
'.44935 


1,68336 
I.66S78 
1.65441 




1 


i 


1.6996J 
1.68437 
1.66933 


1.3635' 
1.34010 
1.3.7^' 


1.6.666 
1.60319 
1.590.0 


57.0 '.75'43 
56.8 1.73478 
56.6 1,71841 


1.41316 
1.39761 
1.37170 


..61630 

1.6 1153 




w 


1 


'■65453 
1.63994 
1.61556 


.,19484 
1.17197 
1.15 '57 


1.57707 
1.5641' 
1.55151 


56.4 1.7013J 
56.a' 1.68650 
56.0 1.67093 


1.34839 
1.31466 
1.30.50 


1.57134 






S5.6 
55-4 


..61.39 
i.5974» 
1.58365 


J-13064 
i.igo'J 


1.53897 
1.51657 
..5'433 


5S-8 
55.6, 
55.4 


1.65561 

1,64054 

1.61570 


1,17887 
1.15677 
i,i35>7 


'.55930 
1.54643 
1,53371 






55-1 
55-° 
54.8 


1.57007 
1-55667 
1.54346 


1.17051 
1..5130 
..13150 


1,50114 
1,49019 
I 47847 


55.1' 
55.0 
54.8 


I.6II0S 
1.59669 

1.5815. 


1.11407 
1.19344 
1..7316 


1.51117 
.,5087a 
..49655 






54.6 
54.4 
54-2 
54.G 

53.6 


..53041 
1.5175s 
..50485 


I.I 1408 
..09604 
1.07S37 


1.46680 
1.45516 
1.443S5 


54.6 
54.4 
54.1 


..56854 

'.S5477 
1.54.10 


1,15353 
1.13413 
1,11534 


..48446 
1.47153 
1,46073 






..4913' 
1.47994 
1.4677^ 


1.06.0; 
1.04408 
1.01744 


1.43156 
1.41141 
1.41038 


54.0 
53-8 
53-6 


1,51781 
1.51463 
..50161 


1,09686 
1,07877 
1.06105 


1.44908 
'■43756 
1,416.7 






53.4 
53.1 
SB.-: 


'.45565 
1.44373 
1.4319s 


1.01113 
.99514 
•97945 


1,39946 
.,38867 
'•37799 


53.4 
53.1 
53.0 


1.4S878 
1.47611 
1.4636a 


1.04370 
1.0167. 
1.01007 


..41491 
1,40380 
..39180 






5».B 

51.4 


..41031 
..4088a 
1.39746 


.96406 
.94897 
.93417 


'^35698 
..34664 


51.6 
51.4 


1.45119 
1-439" 
1.41709 


.99376 
■97778 
.961.1 


..38.91 






5i.a 
5»-c 
5". 


1.38614 
'■375'4 
..36417 


.91965 


..33640 
1.31616 
.,31613 


B 


..415" 
1.4035. 
..39'94 


.94676 
■93'7' 
,9169s 


1.34999 
'.33958 
1.31918 






SI- 
SI.-! 

51.3 


'-J533* 
1.34160 
.,33.99 


,87768 
,86410 
.85095 


1,30630 


51,1 


1.38051 
1.3691. 
1.35804 


■90147 
.88817 
-87434 


1,31909 
1.30901 
1-19903 






51.C 
50. 
50. 


1.31.50 
1.30085 


,81164 


1,17711 
'.16757 
1.15811 




1.34701 
1.33611 
1.31533 


.86067 
.84716 
.834.0 


..18914 






^ 




& 







1 












^ 


I 


T 


= 0.06 




Y 


= 0.07 






9 


X 


Y 


T 


3 


X 


Y 


T 


6o.D 
59.| 
59.6 


2.14308 
1.1:669 
a.09106 


1.03739 I 
I.99187 1 

t. 94 799 1 I 


91913 

88n4 


60.0 
59.8 
59.6 


I 


*o65* 


a.n597 
1,15980 
a.io6ai 


1.96977 
1.94851 
1.9*779 


m, 


59.4 
59.1 
59.0 


2.06613 
a.04187 

a.oi8a5 


1.90568 1 I 
1.8648a I 
1.81534 '■ t 


86*86 
84484 
8*716 


59.4' * 

59.1 1 
59.0 * 


17634 
14711 
11908 


1,05498 
*.oo594 
1.95891 


1.90757 
1.8878^ 
1 8685a 




1 


5l.« 
58.6 
511.4 


1.995a* 
1.97276 
1.95084 


'.78717 ' 
1.750*3 ' 
i.7'445 ■ 


80980 
79*76 
77601 


58,8 * 
58.6 * 
58.4; a 
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:ooio46 


.01677 
.03141 
.04711 


3' 
31 
33 


,11761 

.13137 
.13709 


.051703 
.054618 
.057616 


36118 
37186 
38163 


4 

1 


.05401 
.06446 
.07416 


.001740 
.D01560 
.003493 


.06131 

,07486 

.08793 


34 
35 
j6 


.14179 

.i4''45 
.15109 


.060730 
.063936 
.067147 


39348 
40443 
41548 


7 
g 
9 


.08314 
.09181 
.09993 


.0045*7 
.005654 
.006868 


.too6o 
.11194 
.11497 


37 
38 
39 


■1557" 
.16031 
.16491 


.070667 
.074101 
.077857 


41666 
43796 
44940 


U 


.10767 
.11506 
.11117 


.008161 
.009533 
.010977 


.13675 
.14B31 
.'59&7 


40 
41 


.1695° 
.17408 
.17865 


.081637 
.0S5548 
.089596 


46099 
47175 
48468 


13 


.11901 
.13561 
.14101 


■":x 

.015734 


.17087 
.18,9. 
.19183 


43 
44 
45 


.18313 
.18781 
.19139 


.093789 
.098133 
,101636 


49680 
50913 
51167 



V)I. TABLE OF VALUES OF 
h = Jgt' = 193.U47t' INCIIES. 



t 


h 


t 


h 




h 


t 


b 




Inch... 






TDCbe. 




i^cbtt. 




1.9314 




8.5:77 


31 


19.778 


0.43 


J5.7'3 




1.3371 




9.3481 


^^ 


11.034 


.44 


37.393 




1.7813 








11.318 








3-164' 


14 








.4b 


40.869 


.14 


3.7856 


IS 




36 


15.031 


-47 




.'5 


43458 




13.057 


37 


16.441 


.48 


44-501 




4 9445 


17 


14.080 


38 


17.890 


■49 


46.374 


.t? 


5.5819 


18 


i5-'43 


39 


19.377 


■50 




.(8 


6.1579 


19 




40 


30.903 


■5' 


50.137 


■ >9 


6.9715 


30 


17-383 


41 


JI.468 


■51 


51,116 


JIO 


7.7158 


3' 


18.561 


41 


S-V-o?! 


\ ■" 


^ ^\-i.S», \ 



VUI. A OENEEAL TABLE OF VALUES OP i' « | 






FOB OGIVAL HEADED SHOT. 






V. 





1 


2 3 


4 


5 6 


7 


8 


9 




p->. 

54 

11 


Fi«t. 

.6176 


6719 

6127 


6178 6119 


7091 


6031 5982 


5934 


SSI 


6832 






59 


1 5790 

I5J10 

M866 


5741 ' 5695 ■ 5647 
5174 5 "8 5i8» 
48ia 4777 4733 


5600 
S'37 
4689 


5553 ' 5506 

5091 ; 5046 
4645 . 4601 


5459 
5001 
4558 


5413 
4956 

45'4 


5366 

49" 
447" 






6o 

6i 


M4l8 

1400J 
»359J 


4385 4341 '4199 
3q6j 3910:3879 
3551,3514:3471 


4256 
3838 
3431 


4114 4171 
379^1 3755 
3392 1 3353 


4129 
3714 
33'3 


4087 
3674 
3274 


4045 
3633 
3234 






6s 


'*43; 


3156 '3"7' 3079 

177* :»735: 1697 

1400 1364 1 1317 


3040 
2660 


3001 ' 4963 
2622 2585 
2i55;ia:8 


2915 
2i8a 


2886 
2511 
2146 


2848 
1474 






66 
67 
6S 


1 1075 
1 1714 

11383 


5039' 1004 1969 
1689' .655 i6ao 
1349 1316^ H83 


1933 
.586 
1250 


1898 


1863 


1818 
.484 
1150 


■793 
t45o 
1118 


,758 
14.7 
1085 






69 

70 
7' 


1 105a 
1 0731 
104.8 


1019 0987 
0699 ' 0667 
0387 1 0357 


°955 
0636 
0326 


!i 


0890 
0573 
0265 


□858 
054a 
0235 


oSi6 ^ 0794 
0511 ' 0480 
oao5 ■ 0174 


076a 
0449 
0144 






7* 
73 
74 


9819 
9531 


0084 ; 0055 
9790 1 9761 

9503 , 9475 


0025 
9731 
9447 


9995 99^6 
9703 ■ 9674 
9419 9391 


9936 
9646 
9363 


9907 1 9877 
9617 19588 
9335.9307 


9848 
9560 
9279 






77 




9114 

SIS 


9197 
8916 

866* 


9169 


9144 911S 
8871 8846 
8610 8584 


s 


9060 ' 9033 
8793 ! 8766 
8532 ! 8507 


8740 
848. 






78 

79 
So 


795a 


8.79 

7934 


8404 
8154 
7909 


8354 
8129 
7885 


8379 8329 
8104 1 8o8o 
786. j 7837 


8303 

8055 
7813 


77E9 7766 


SaaS 
7981 
7741 






Si 
S3 


7718 
7484 
7156 


7^34 


767. 
7438 


7647 
7415 
7189 


7624 ; 760° 

7391 1 7369 
7166 7144 


7577 
7347 
712a 


7554. 753' 
7314 7301 
7100 7078 


7507 
7279 
7°55 






84 


7033 
6816 
6604 


701. 

S5 


6990 
6773 
6562 


6968 
6754 
6541 


6946 6924 
6730 6709 
6520 ' 6499 


6478 


688r!6859 
6667 ! 6646 
6458 1 6437 


6837 
6625 
6417 




i 


1^ 
89 


6396 
6193 
5995 


^375 
6173 
5975 


6355 
6153 
5956 


6335 
6133 
5936 


6314 6494 
61 1 3 6093 
5917 1 5897 


6174 
6074 
5S78 


6154 6233 
6054 . 6034 
5859 5839 


6ai3 
6014 
5810 




1 


90 
91 
91 


58C1 
5418 


5782 
5593 
5410 


5763 
5575 
5392 


5744 
5556 
5374 


5715 
5538 
5356 


5706 
5519 
5338 


5687 
5501 
5321 


5668 
5483 
5303 


5649 
5464 
5185 


563. 




1 


93 
94 
95 


5150 
5077 

49 to 


5060 
4894 


5i'5 
5044 
4847 


5.98 
5017 
4861 


5180 
5010 
4845 


5163 
4993 
4S29 


5146 
4976 
4812 


5119 
4960 
4796 


5111 

4943 
4780 


5094 
4917 
4764 




L 


96 


4749 
4593 
4443 


4733 
4578 
44^9 


47'7 
4562 
4414 


4701 
4547 
4399 


4686 
4531 
4385 


4670 

45'7 
437' 


4654 
4502 
4356 


4639 
4487 
4342 


4624 
4473 
4328 


4608 
4458 
43 "4 






■ 






K Ann 




!■ 


^B 






■ 


■ 


k 










i 



V. 





1 


. 3 


4 


5 


6 


7 8 


9 


99 


4300 
416a 
4033 


4185 

4149 
4010 


4i"i 
4136 
4008 


4358 
4143 

3995 


4a44 
4110 
3983 


4130 
4097 
3970 


I116 
4084 
3958 


4203 
4071 
3946 


4.89 
4058 

3934 


4176 
4045 
39a I 


103 
104 


39'° 


J898 

3784 
3677 


38B6 

nil 


3874 
3761 
3656 


J863 
375' 
3646 


385. 
3740 
3636 


3840 
3730 
3616 


3829 
3719 
36.6 


J817 
3606 


3806 
3698 
3596 


105 
106 
107 


358'' 
3491 
34011 


3576 
3481 

3394 


3567 
3473 
3385 


3557 
3464 
3377 


3547 
3455 
3368 


3538 
3446 
3360 


3518 
3438 
335' 


3519 
3429 
3343 


35'° 
3420 
3334 


3501 

34'i 

3316 


109 


33t8 
3136 
3158 


33:0 
3118 
3150 


3301 
3210 
3 '41 


3193 
3213 
3»34 


3*85 
3105 
J117 


3177 
3197 
3119 


3269 
3189 
3111 


If,: 

3103 


3251 
3173 
3096 


3144 


113 


3080 
3005 
2931 


3073 
«998 
1924 


3065 
1990 
1917 


3058 
1983 
1910 


3050 
1976 
1901 


3043 
2968 
1895 


3035 


3028 

nil 


3020 

X 


3013 


114 
"5 
116 


1859 
1789 
1710 


1851 
1781 
1713 


1845 
1775 
1706 


1838 
1768 
1699 


283. 
1761 
1692 


1814 

lilt 


1817 
1747 
1679 


aSio 
2740 
2671 


jloj 

2733 
1665 


1796 
2727 
1659 


119 


1585 
1510 


1645 
1579 
1513 


a638 
1571 
1507 


163a 
1566 
3500 


2625 
a559 
2494 


2618 

im 


2611 
1546 
1481 


2605 
*539 
a475 


•5,1 

SI 


1592 
15x6 
2462 


lit 


^456 
1392, 
1330 


1449 
1386 
1314 


»443 


a436 
3374 
1311 




1434 
236. 
2299 


141 7 
1355 
1193 


14" 

1349 
2187 


2405 
134a 


2399 
2336 
2275 


113 
114 

115 


1169 
1109 
1149 


1163 
1303 
"45 


"57 


1151 
11191 
113a 


3145 

ais6 


2239 
2179 


ai33 
2173 
aii4 


lit? 
2167 
1108 


it6i 


1115 
2155 
1097 


iz6 
117 


1091 
1Q33 
'977 


1085 
'97' 


1079 
.965 


2073 
1960 


2068 
1954 


ao6a 


'999 
1943 


2050 
'994 
'937 


2045 
1988 
1931 


2039 
nil 


1*9 
130 
'31 


1865 
i8ti 


1915 
1860 
1S06 


i8cc 


1904 
1849 
'795 


,1,1 
il,4 
■7I9 


■ill 

.784 


,887 
1833 
1779 


1882 
i8a7 
'773 


1876 

1 812 

.768 


1761 


13a 

133 
•34 


'757 
1704 
1651 


1646 


1746 
.693 
t64i 


1741 
1688 
1S36 


163, 


1730 
1678 
1625 


1715 
,672 
i6ao 


1667 
1615 


nil 

I6I0 


1709 
1657 

1605 


'35 
136 
'37 


1599 
.548 
1498 


'594 
1543 
'493 


1589 [1584 
'538 1533 
1488 1483 


M77 


'574 
'5^3 
1472 


1569 
1518 
1467 


'564 

nil 


J558 

1508 

'457 


'553 
'503 
145a 


13B 
139 
140 


1447 
1398 
1348 


1441 
'393 
'344 


1437 1431 
1388 1383 
'339, '334 


1427 
.37S 
1329 


1422 
1373 
1354 


1418 
1368 
1319 


i3'4 


.408 
1358 
1309 


140J 
'353 
JJ04 


>4i 

14a 
'43 


1300 
1103 


'195 
1146 
.198 


1 290 
114a 
"93 


1185 


iiSo 


1175 
1127 
"79 


1270 


1166 
1117 


1161 
1113 
1 165 


tis6 
1208 
1160 


144 
146 


V.il 

106 1 


1151 
1103 
.056 


.146 
1099 
1051 


1141 
1094 


;l 


1038 


1080 
1033 


1075 
1028 


1070 
ioa4 


Volll 
.0.9 j 


'47 


968 
9" 


963 
9'7 


1005 
959 
913 


954 
908 


996 1 991 
950 945 
9041 899 


987 
940 


981 


977! 973 



m 









^^ 




1 




V. 





1 


2 


3 


4 


5 


6 


7 


8 


9 




F-(. 


F>« 


F>«1. 


p«i 


fett. 


pBtt. 


TttiT 


F«el 


FSDi. 


p..t. 


Put 




I JO 


876 


871 


867 


861 


858 


8SJ 


849 


844 


840 


"!i 






»5i 


gjo 


St6 


Sit 


817 


811 


808 


803 


799 


794 


790 






"S» 


78s 


781 


776 


771 


767 


762 


758 


753 


749 


744 






*53 


740 


735 


731 


716 


712 


7'7 


713 


708 


704 


'99 






'54 


69s 


690 


686 


681 


676 


671 


668 


663 


659 


SS4 






15S 


6SO 


645 


641 


''37 


63* 


618 


613 


6.9 


64 


6io 






156 


60s 


601 


596 


59a 


588 


583 


579 


574 


570 


!'S 






'57 


561 


556 


55* 


548 


543 


539 


534 


530 


5*5 


5" 






158 


S.6 


511 


508 


503 


499 


494 


490 


486 


48. 


477 






'59 


47* 


468 


464 


459 


45S 1 45* 


446 


44* 


437 


433 






160 


418 


414 


410 


415 


411 406 


401 


398 


393 


389 






161 


385 


jgo 


376 


37' 


367 


363 


358 


354 


350 


J45 






161 


34> 


337 


331 


318 


3*4 


319 


315 


310 


306 


302 






163 


197 


293 


189 


184 


180 


176 


171 


167 


*^3 


15I 






164 


154 


150 


145 


141 


137 


13* 


118 


114 




US 






i6s 


111 


107 


101 


198 


194 


189 


.85 


181 


177 


i7» 






166 


t68 


164 


160 


t55 


151 


M7 


141 


138 


'34 








167 


ti6 




117 


iij 


109 


104 




96 


9* 


'Is 






teg 


83 


79 


75 


7' 


67 


6a 


58 


54 


50 


46 






169 


41 


37 


33 


19 


15 j 1. 


'7 




8 


4 




IX. 


A GENERAL TABLE OF \ 


VALUES 


OP^' 






FOR OGIVAL HEADEE 


SHOT. 








V. 





1 


2 1 3 


4 


± 


6 


7 


8 


9 




F.,. 

54 


^;™^ 


•*98o 


V881 !vr84 


•.688 


•■59* 


Sect 
•■496 


*.4oi 


•Ti* 


Stet. 




55 


11.118 


.□15 


*.933 *-84t 


*-749 


•.658 


•■567 


*.477 


•.j8« 


•.499 






56 


40.aio 




.034 *.947 


•.860 


•■774 


".688 


•.6c3 


•.5.S 


•■433 






57 


■9-349 


.165 


.i8a .099 


.017 


'■935 


'.854 


•■773 


-.6,2 


•.6ia 






58 


18.531 


.453 


■ 374 ' .*95 


.117 


.139 


,061 


•.985 


•.9=8 


M31 






59 


17.756 


.6S1 


.606; .53. 


■457 


.383 


■309 


.136 


..6j 


.091 






60 


17.019 


'.947 


•.876 '.805 


•■734 


*.664 


•■594 


•.5*4 


•.455 


■.3I6 






6i 


16.318 


.149 


.18. .114 


.0471*. 980 


*.9i3 


•■847 


•78. 


•■7'5 






61 


15.650 


.585 


.510 .456 


.39*1 -3*8 


.165 




■'39 


.076 






63 


15.014 


•.951 


'.890 >.Si9 


•.768 *.7o7 


•.647 


*.586 


•.5»6 


•.467 






64 


14.407 


.34B 


.190 .231 


.173 


.115 


.057 


•■999 


♦.941 


•.885 






65 


:3.Bi9 


-77* 


.716 


.660 


.605 


■549 


■494 


-439 


■)85 


■ 330 






66 


r3.z76 


111 


.168 


.115 


.061 


.009 


•■956 


•■9°4 


•.85« 


'.8oo 






67 


.1.748 


.696 


.645 


■594 


.543 


■493 


.441 


■ 39* 


.34* 


as^ 






6S 


11.143 


.t94 


■145 


.096 


.047 


*.999 


'.950 


■.903 


•.8!5 


•.807 






69 


11.760 


.713 


.666 .619 


■ 57* 


.516 


.480 


■434 


.388 


.343 






70 


it.197 


.151 


.107 .i6a 


.118 


■073 


.019 


.985 


*.94" 


'.8,8 






?■ 


10.854 


.Sii 


.768 .715 


.681 


.639 


■597 


■ 555 


■5'3 


.471 






^ 




IM 








• 


k. 


■ 



■ 






^ 




V. 





1 


2 


3 


4 


5 


6 


7 


8 


9 




73 
74 


10,419 

"Si 


Sect. 
.388 
•.98a 
■591 


B.M. 

-346 
•-941 
-554 


,305 


aaei- 

.164 
■.I63 

-47« 


.213 1 .183 
•-814 '.785 
.441 403 


.14a 
.746 
.366 


:7o8 

.319 


.oU 

'ill 




77 


9-155 
1.894 
8-547 


.218 
.859 

.S'3 


-111 

.114 
.4I0 


3 


.109 
-754 
.411 


.073 ■ .037 
,719' ^684 
■379 -346 


:65o 

.312 


■.f.l 

.279 


■.930 

IS 






78 


8..14 


.iSi 

.S61 
-553 


.14! 
-Ijo 
-543 


.116 
■ 799 
-493 


-084 
.761 
-463 


.051 .010 
.737 ■7°6 
.453 -404 


-374 


.956 

.645 

■345 


•■St 

■3'5 






Si 
83 


7.186 

6-999 
6.712 


■»57 

ill 


-111 

itl 


■'99 
.915 
.641 


.170 
-8I7 
-'IS 


.141. .113 
.588] .561 


.804 
-535 


.056 

■ill 


.027 






84 


6.456 
6.198 
5-950 


-430 
■ '73 


■404; -378 
.148 .113 
.9°' 1 .877 


.091 
-853 


.316 
.073 
.819 


.300 
.048 


.275 
.014 
.781 


.*49 
■999 
■757 


.444 
•■974 
■734 






11 

89 


5.710 
5.478 
5.154 


.686 
-455 

.131 


.663 ' .640 
■433 .410 
.zio .188 


.616 
-167 


.593 
.365 
■ 145 


.570 
■343 
.123 


■547 
.321 


.524 
.298 
.080 


.501 

.a76 
.059 






90 


5-038 


.016 
.808 
.608 


••995 '-974 
.788 .768 
-589 .569 


•-953 
-747 
-550 


*-93» 
.727 
■ 53' 


•■9" 
■707 
■ 5" 


.890 
.687 
.491 


'.667 
-473 


•.849 
.648 
■454 






9J 
94 
95 


4.435 
4-251 
4.074 


.4'7 
.233 
■05; 


.398 1 .J79 
.»i5 -'97 
.039 .oaa 


.3S1 

-179 
.005 


.342 
,i6t 
•.988 


.314 
'.971 


■SI 

-955 


.1S7 
.109 
.938 


.169 
.091 
*.92i 






96 
98 


3-905 
3-743 
3.590 


.888 
.728 
.575 


.87a .856 
.712 , .697 
.560; .546 


■531 


!666 
.516 


.807 
.650 
.501 


.791 
■635 
-487 


.775 
.620 
■473 


■759 
.605 
■459 






99 


3-444 
3. J 07 
3-'78 


.430 

■St 


.416 .40a 
-'53 .141 


■389 

■»54 

.118 


■375 
.141 
.116 


.361 
.119 
.104 


■347 
.216 
.092 


■334 
.203 


.340 






103 
104 


3-057 


.045 

ill 


.034 .014 

.911 .911 
,819 .809 


.901 

■799 


'ill 'S 
.719 .710 


-977 
.869 
.770 


.966 
■859 
.76: 


'■ill 

-75' 






'°7 


•-741 


ill 
it. 


.7^ 
.635 
■553 


.714 
.617 
.545 


.537 


if. 

.529 


.687 
,601 
.541 


.679 
-593 
■ 5'3 


.670 
.585 
■505 


.661 
■498 






108 
109 


a.490 

2.-4 1 5 

a.343 


-48. 
.407 
-336 


.475 
.400 
■319 


.467 
-393 
.311 


■.tn 

-3 '4 


.451 
.378 
.307 


.444 
-371 
.301 


■',11 

■294 


.430 

■m 


.4" 

■X 






113 


Z.173 

a.i05 
1,140 


-166 
-199 
-134 


.159 
.192 

.127 


% 


.446 
■179 


.139 

:\ll 


■;S 


.225 
■ 159 
.095 


.419 

■m 


■'11 

-olj 




1 


114 


a. 076 
4.015 
'-955 


-070 
-009 
-949 


.064 
.003 
■943 


.058 
*.997 
-937 


.051 

■-99' 
■93' 


.045 
III 


.039 
•-979 
.910 


.033 
■973 
.9'4 


■i% 
.901 


•;96, 

-90a 




I 


"7 

iiS 
119 


1.897 
1.840 
r.785 


.89. 
-834 
-779 


.885 
.819 
■774 


.880 


.874 
■7^3 


.868 
.8ia 
-758 


.863 
.807 
.752 


.857 
.801 
■747 


■Ui 

■74* 


.146 
-790 
.736 


i 


1 


■ 


K ~ ^ 



^^ 


^ 






V. 





1 


8 


8 


* 


5 


6 


7 


8 


9 


1? 


1.617 


.7^b 
.673 
.611 


.710 

.668 
.617 


SI 

.611 


.710 
.658 
.607 




.597 


.694 
.64* 
.594 


eta. 

.689 
.637 
-587 






IIJ 

i»4 
'»5 


1.577 
1.519 
t.481 


■ 57* 


.568 

■ 519 
-471 


.563 
■ 5'4 
■467 


■558 
.509 
.46a 


■553 

■5°5 
■457 


.548 
.500 
■453 


■543 
.495 
.448 


.538 
.49° 
.444 


■^ 

■439 




IJ6 

13 


"h4J4 

1.389 
1.344 


.340 


■335 


.440 
■375 
■33' 


.416 
■371 
.317 


:1« 

.311 


.407 
.361 

.3>8 


.401 
.357 

■3'4 


■398 

■35J 

-309 


■393 
.349 
-305 




119 
130 
131 


1.301 
1.158 
1.I16 


.196 
,154 


.191 
.150 
.108 


.1S8 
.145 
.104 


.184 
.141 


.179 
.137 
.196 


,175 
.133 
.■91 


:ii 


.167 

Td 


.161 
.110 
.179 




131 
'34 


1,175 
1. 135 
1.096 


.171 

■ '3' 
.09» 


.167 


■ 163 
.113 
.084 


■■59 


.077 


■■5^ 
,073 


■147 
,108 
.069 


■'43 
.104 
.065 


.139 

;o6i 




■35 
136 
137 


..□58 


■979 


.050 
.975 


.046 
.ooB 
.971 


.041 
.005 
.968 


.039 
'964 


■035 


.031 
•■994 
■957 


.017 
•.990 
-953 


■■Si 

.950 




138 
139 
140 


-946 

:i;5 


.941 
.907 
.871 


■939 


Ma 


.931 

it 


■857 


■St 
■854 


■Si 
.850 


■SI 
.847 


.843 




141 

(4i 
>4J 


.840 
.806 
-77* 


.836 
.801 
.769 


■833 
■799 
.765 


.8,0 
.796 
.761 


.826 
.791 
-759 


.B13 
■789 

■755 


.8.9 

•7«5 

■751 


.816 

.7S» 
■749 


.813 
•779 
■745 


.809 
■775 
■74a 




144 
145 
146 


ill 

.674 


.736 

i?. 


.731 
.700 
.667 


.719 

■X 


.746 
-693 
,661 


.711 
.690 
.658 


.'55 


.7.6 
.683 
■'51 


■SI 
.648 


.645 




147 
148 
149 


.641 
.610 
■579 


Mi 
.60, 
■57' 


.636 
.604 
.573 


.570 


.619 


,616 
■595 


.613 
■.ir. 


.'ao 


.'17 
.586 

■555 


.6.4 
■583 
■554 




15° 
'5' 
151 


.549 
^488 


.546 
■ 515 
485 


■543 


.540 
.509 
.480 


IS 

■477 


.534 
.503 
.474 


.53' 
.500 
■47' 


.5»8 
■ill 


.524 

■itt 


-51' 




153 
154 
'55 


■459 
.419 
.400 


.45' 
■417 
,3,! 


■453 
.414 
■395 


.450 

.41' 
■391 


■447 
.418 
.389 


.444 
-4^5 
,386 


■44' 
:383 


.438 

IS 


■377 


.43* 

.403 
■375 




156 
•57 
.58 


.371 
■343 
.315 


.36, 
.341 
■3" 


.366 
.338 
.3ro 


.363 
■335 
.307 


.360 
.33a 
■ 304 


■ 35S 
.319 
.301 


■355 
.316 
.198 


■35a 


■349 
.311 
■»93 


.19° 




161 


.187 
.160 
.131 


.185 
■157 
.130 


.181 
.154 
.117 


.179 
.151 
.114 


.176 
.149 


.174 
.146 
.119 


.143 
.116 


.16S 

Til 


.165 
.138 


.a63 
.135 
.108 




162 
.63 
.64 


.105 

.J79 
.151 


.150 


.173 
-'47 


■■97 
.'44 


■SI 

.14a 


.165 
■ '39 


.1S9 
.136 


.187 
.160 

■'34 


..84 
.157 
.131 


.rSi 
■ ■55 

.119 




,6, 


.116 
■075 


.097 .095 
.071 .070 


.US 


.■16 


ill 

.061 


;os5 
■059 


.loS 
.081 
.057 


.105 
.080 
.054 


.103 
.077 
.054 


g 


16S 
.6, 


.049 
.014 


.047 .044 


.041) .039 
.017 1 .015 


.037 


■034 


.031 
.007 


.019 

.005 


.017 


^n0^K^^2J^_^^^^ ^<^^ J 



^■ErAffENBRAL TABLE OF VALUES OF -s fl 
■ FOR SPHERICAL SHOT. " 1 




V. 





1 


2 


3 


4 


5 


6 


7 


8 


9 


J 


Ph. 
5° 
5' 

5» 


10649 
10366 
10093 


06 IQ 


0591 
0310 
0040 


□563 
0183 
0013 


0535 
0155 
9987 


0506 
0118 
9961 


□478 
9935 


□450 
0174 
9909 


0411 
0147 
9883 


0394 
9857 




53 
54 
55 


9S3. 
9578 
9335 


9805 

9553 
93tr 


9779 
9519 
9187 


9754 
9504 
9^63 


97*9 
9480 
9*40 


9703 
9455 
9116 


9678 
9431 
9193 


9653 
9407 
9169 


9618 
9383 
9146 


960J 
9359 
9143 


■ 




56 
57 
58 


9100 

1655 




9054 
8819 
86.a 


«59> 


9008 J 8986 
8785 8763 
8569 854S 


8963 


894' 
lilt 


8918 
8698 
B485 


8896 
8676 
8464 


n 




11 
61 


1M3 


84.J 
Sou 


84C1 
8199 
8003 


838, 
S179 
7983 


8361 
8.59 
7964 


lit, 

7945 


79^6 


l^ 
7907 


III', 
7888 


lilt 
7869 


J 




61 


7486 


7»J. 


78.3 
7619 
7451 


7794 
76H 
7433 


7776 
7593 
7416 


7757 

W,l 


7739 
7557 
7381 


77*0 
7539 
7364 


770a 
75a. 
7346 


7683 

75°4 
7 jag 


■ 




67 


7J11 
7'44 
6980 


7295 
7117 
6964 


7^78 
6^48 


716, 


7244 
7078 
6916 


7Z17 
7061 
6900 


7110 
7°45 
6884 


7194 
^868^ 


7177 
7011 
6853 


7.60 






68 
69 
70 


68i,i 
6667 
65.7 


6K06 
665. 
65OJ 


6790 
6637 
64S8 


S2 

6473 


6459 


6744 
6591 
6444 


67x8 
6577 
6430 


6713 
6561 
64.5 


6698 
6547 
6401 


668a 
653* 
6386 






7' 
7* 
7J 


637* 
6093 


6358 
6117 
6079 


6343 

620J 

6066 


6319 
61S9 
6051 


63.5 
6175 
6039 


630. 
6161 
6oj6 


6487 
6148 
6oii 


6*73 
6134 
5999 


6a59 
5986 


6*45 
6t07 
597* 






74 


5959 
5819 
5701 


5946 
5816 
5689 


5933 
5803 

5&77 


5910 
5790 
5665 


5907 
5778 
565* 


5894 
5765 
5640 


588t 
575* 
5617 


5868 
5740 
5615 


5855 
57a7 
5603 


584a 
5714 
5591 






79 


5578 
5458 
5341 


5566 
5446 
5319 


5554 
5434 
S3»8 


554a 

54^3 
5306 


5530 
541 1 
5195 


55'8 
5399 
5183 


5506 
5387 
5*7* 


5494 1 548a 
5376 5364 
5160 , 5149 


5470 
535* 
5*38 






80 
81 

8% 


5006 


5115 
5104 

4995 


5204 
5093 
4984 


4974 


5.8, 
5071 
4963 


5^70 
4952 


5159 
5049 
494* 


5M8 5137 
5038 . 50^7 
4931 49*' 


5'*6 
5017 
49 '0 






85 


4900 
4796 
4695 


4889 
47B6 
4685 


4879 
4776 
4675 


4868 
4765 
4665 


4858 
4755 
4&55 


4847 
4745 
4645 


4837 
4735 
4635 


4817 
47*5 
46*5 


4817 
till 


4806 
4705 
460s 






86 
87 
88 


4596 
4499 
4405 


4586 
449° 
4395 


4386 


4566 
4471 
4377 


4557 
446i 
4367 


4547 
445* 
4358 


4537 
444* 
4349 


45*8 
4433 
4340 


4518 
44*3 
433' 


4509 
44 '4 
43*' 






89 
90 
9' 


43 '1 

4111 
4" 34 


4303 
4113 
4125 


4194 
4104 

4„6^ 


4SB5 
4195 
4J07 


4276 
4186 
4099 


4167 
4'77 
4090 


4*58 
4169 
40&1 


4*49 
4160 


4a4D 
415' 


4iji 
4'4a 

\ 


A 


1 


k 


M' " i 


ifl 











\ 




V. 





UJ 


2 


3 


4 


li 


6 


,ts 


9 




9» 
93 
94 


Feel. 

4047 
3963 
3SS0 


p..t. 

4039 
3954 
3872 


4030 


Fttl. 

4oai 

ml 


PMt. 
4013 
3930 
3848 


Phi. 
4005 

3921 
3840 


F«M. 

3996 

39'3 
3832 


3''988 
3813 


3980 
3897 
3815 


397' 
j888 
3807 




97 


3799 
3711 
3643 


3791 


3784 
3705 
3618 


3776 
3697 
3621 


3768 
3689 
3613 


lit: 
3606 


375^ 
3674 
3598 


3744 
3666 
359' 


3736 
3659 
3583 


3576 






98 
99 

100 


3568 
3495 
3413 


3561 
3487 
3416 


3553 
3480 
3409 


354S 
3473 
3402 


3539 
3466 
3395 


353' 
345* 
3388 


35M 
345' 
3381 


3516 
3444 
3374 


3509 
3437 
3367 


350a 
343° 
3360 






103 


3353 
3-85 
JI18 


3346 
3178 
3211 


3339 
3271 
3205 


3332 
3265 
3199 


3315 
3258 
319a 


3319 
3^5' 
3186 


3311 
3^45 
3179 


3305 
3238 
3173 


3298 


3291 
3225 
3160 






104 
:o5 


3'54 
3091 
3019 


3147 
3084 
3023 


3.4. 
3078 
3017 


3135 
3074 

30ti 


3128 
3066 
3005 


3122 
3060 
2999 


3"6 
3054 
2993 


3109 
3048 
2987 


3103 
304' 
298a 


3097 
3°35 
2976 






;3 

109 


4970 


lilt 
2S50 


2958 


ii 


2889 
4833 


2941 
2883 
2827 


2935 
2B78 
2822 


2919 
2872 
2816 


2923 
2866 
2S11 


2918 
2861 
2805 






110 


iSoo 
1746 
1693 


*794 
2741 
2688 


2789 

nil 


2784 
1730 
2678 


2778 
2725 
2672 


2773 


2767 
2714 
2662 


2762 
2709 
4^57 


2757 
2704 
2652 


2646 






«i5 


a64' 
1591 
2541 


2636 
2586 
4536 


.58. 

a53i 


2626 
2576 
2526 


2621 
2571 
252a 


2616 
2566 
2517 


261 1 
2561 
251a 


2606 
2556 
2507 


2601 
2551 
250a 


1596 

*547 
2497 






116 


249* 
1444 
4397 


1487 
2440 
2393 


1483 


2478 
2430 
4383 


2426 
2379 


2468 
2421 
2374 


2464 
2416 
2369 


M59 


2454 
2407 
2360 


2449 
2401 
2356 






119 


135' 

nil 


2346 
2301 
2256 


2342 
2296 
2252 


2337 
2292 
1247 


2333 
2287 
2243 


'X 

2238 


3?i 

2234 


23'9 
2274 
2229 


2314 
2269 
2225 


2310 
2265 






"3 
114 


Ml 6 

1171 
1119 


216S 

1125 


2207 
2164 


2203 

"it 


2199 
2155 


2194 
2151 
2108 


2104 


2185 
2142 
2099 


2095 


"77 
2134 
2091 






'25 

127 


1087 
1045 
2003 


1081 
2040 
'999 


2078 
2036 

1995 


2074 
2032 
'99' 


2070 
2018 
1986 


2066 
2024 
,982 


2061 
197B 


2057 
1015 
'974 


1053 
1970 


2049 






n8 
130 


1962 


1938 
1917 
1B77 


'954 
i9'3 
1873 


'949 
1909 
1869 


1945 
^865 


'94' 
1 861 


'937 
1897 
1857 


'933 
■893 
1853 


1929 
1889 
1849 


'84s 






■ 3. 
131 
J3i 


1841 
i8m 
1763 


1S37 
1798 
'759 


'833 
'794 
'755 


1829 
1790 
'75' 


'747 


1821 
1782 
'743 


1817 
1778 
'739 


1813 


.809 
'77° 
1732 


1806 
1766 






'34 
135 
'36 


1724 
1&86 
1648 


1720 
1682 
164s 


1716 
1678 
1 641 


1637 


.633 


1705 
1667 
1630 


1663 
1626 


1622 


:694 
1656 
1618 


1690 
1652 
16:5 






:^5 

'39 


1611 
1574 
'537 


1607 
1570 
1534 


.603 
1567 
'53° 


1600 
'563 
152G 


1596 

'559 
1523 


1592 
1556 
1519 


'589 


'585 

'548 
i5'a 


1581 
'545 
.508 


'578 
1 541 
1505 






140 
141 


ISl 


[til 


.494 
.458 


'49° 
1454 


'4B7 
'45' 


'483 
'447 


'479 
'444 


1476 

1440 


'47» 
1437 


1469 
1433 


J 


























^ 








1 



1 


F 






^ 


F 


V. 





1 


2 


3 


.|5 


6 


7 


8 1 9 




141 

■44 


1459 
■394 

■359 


Fsot. 

1391 
1356 


1387 
135a 


1419 
1384 
■349 


■345 


:4ti 
1377 
■ 341 


1408 
■373 
■338 


1405 
1370 
■335 


140 1 
1366 
■33' 


Feel. 

1398 
1363 
1328 




■47 


1324 
1156 


■3" 
1187 
1153 


13:8 
1183 
1149 


1314 
1146 


IS 


1307 
ri73 
1139 


1304 
1170 
■ aj6 


1300 
.166 
1131 


1*97 
1263 
1229 


1293 

I1S9 
1215 






148 
'49 
150 


1189 
"55 


1119 
1151 


"49 


1179 
"45 


1109 
■■75 
1141 


iao5 
1171 
"39 


nil 
"35 


"99 
1165 
1131 


1195 
tt6i 
1 119 


1191 






151 
t53 


1090 
1057 


1119 
1086 
1053 


1116 
1083 
1051 


1080 

1047 


1 109 
1077 
1044 


1 106 
1073 
1041 


rroj 
ro70 
1038 


1099 
1067 
■°34 


1096 
1064 
J031 


1018 






■54 

III 




"ii 


1018 
987 
955 


951 


980 
949 


1009 
977 
945 


1006 
974 
941 


971 
939 


999 
968 
936 


9,6 
,64 
933 






■S9 


930 
899 


Si 


914 

It 


85B 


855 


914 


^8^ 
849 


til 
846 


905 
874 
843 


840 






t6o 
i6r 
i6i 


837 
806 
776 


834 
803 

773 


770 


8:8 
797 
767 


815 

794 
764 


in 


8t8 
788 
758 


r4 

755 


811 
782 
752 


809 
779 
749 






■65 


746 

in 


743 

III 


740 
710 
6S0 


737 
707 
677 


734 
704 
674 


73" 
70. 
67. 


718 

If, 


715 
695 

666 


711 
691 
663 


IP, 


1 




166 
167 

i6g 


598 


5,6 


65^ 
6 11 
593 


648 
619 
59° 


64 s 
616 
587 


641 

584 


639 
58" 


636 
607 
578 


633 
604 
575 


630 

57a 






.69 
170 
171 


569 

54^ 
514 


567 

53« 
509 


564 
PI 


561 
531 
5°4 


558 
529 
501 


498 


551 
514 
495 


549 
511 
492 


546 
5.8 
489 


544 
5'5 
487 






171 
■73 
■74 


484 
456 
418 


4«, 
453 
425 


478 
450 
411 


475 
447 
419 


47* 
444 
416 


47° 
441 
414 


467 
439 
411 


464 
436 
408 


461 
433 
405 


45S 
430 
40a 






■75 
176 
■77 


400 
37a 
344 


341 


394 
366 
339 


391 


389 
361 
333 


386 
358 
331 


383 
355 
318 


380 
353 
3^5 


377 
350 
311 


375 
347 
310 






178 
■79 


317 


1' 
a6o 


157 


309 
i8i 
155 


306 
179 
151 


249 


301 

III 


298 
171 
144 


III 

241 


292 






iSt 

181 
'83 


136 
iSi 


a 


130 
104 
■77 


118 

■74 


198 
171 


196 
169 


i 


i: 


161 


■85 
158 




k 


184 

III 


156 
.19 
103 


■ 53 
117 


150 
114 
98 


148 
95 


■45 
119 
93 


'43 
116 
90 


140 

■■4 


■37 
85 


■35 
108 
82 


132 

!06 

8a 




1 




77 

i6 


75 
49 
13 

' 


71 
46 


69 
44 

18 


67 
4' 

'5 


64 
39 
■3 


61 
36 


59 
33 
7 


57 

3' 

5 


54 
18 
3 




1 


L_ 






^^ 


1 


r 


i07 




^ 



^^a. 


A GENERAL TABLE OF VALUES OF ^t 1 
FOR SPHERICAL SUOT. ^ ] 






V. 





1 


2 


3 


4 


5 


6 


7 


8 


g 




F: 


B«»Dltl. 


e»>. 


e.„. 


am. 


Sf« 


Hmi. 


Ssca. 


ae„ 


e,cs 


a^. 




50 


13.4:4 


.356 


.199 


.14* 


..85 


.119 


■073 


.017 


•.961 


•.907 






S' 


.1.851 


.798 


.744 


.690 


.637 


,584 


■531 


.478 
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91, Preliminary Eemarks.'] Mr work, commeDced in the 
SpriDg of 1864, is now brought to a coacluaion. When the 
first part of thia TreatUe was published in 1873, the Advanced 
Class of Royal Artillery Officers was in a state of abeyance, 
as already explained, because there was not a sufficient 
nnmber of candidates qualilied for admission to form a new 
class. Home time before thia, the Advanced Class had been 
frequently atlacked in the newspapers, and a very distin- 
guished Fellow of the Royal Society, who had nothing 
whatever to do with the matter, thought proper to join in 
the fray. Having attacked the Professor of Applied Mathe- 
Riatics, he concluded his diatribe with the remark " It is 
" high time that the guardians of the public purse should 
"set their faces against such vicious reproduction of fresh 
" nuclei of misapplied prodigality, surely destiued to eventuate 
"(if I may apply the words of an eloquent member of the 
"deputation of which I formed a part) in endowed and 
"decorated idleness." — The Times, Feb. U, 1870. The letter 
was characteristic and required no answer. If the reader 
be desirous of knowing more about the objections to the 
Advanced Class, or the schemes propounded for bettering 
it, he is referred to Parliamentary Paper 1872 [c. 589], In 
Bpite of all opposition the Advanced Class was revived after 
an interval of upwards of two years, and I believe is now 
being conducted at Woolwich in very much the same 
manner as before the interruption. 

It must be confessed that this turmoil, coming on so 
soon after the printing of my Reports of experiments made 
1865 — 1870, did not afford roe much encouragement in 
pursuing my self-imposed, and almost thankless work of 
making laborious experiments. And as I did nut see that 
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Mathematics, 

if 1 was not to be engaged on originnl reaearch, the reason 
fur m}' cotmection with tlie Adv»nced Class ceased. 

Subsequently 1 was iut'ormed that nay results were being 
"tested" at Ktioeburynesa, and that it was intended to 
coraplete my work by making experimeata with low velocities 
by tlie bolp of such ehronoficopes as the Government posBeased, 

Although 1 had given up experimenting I continued to 
prepare tables, &c., at my leisure, with a view to render 
the application of my reaults already obtained to the calcu- 
lation of trajectories, &c., as easy and simple &a possible. 
In 1877 I proceeded to print the Suppiemenlary Tables A. 
to tr. But when my work had proceeded thus far, much 
to my surprise, 1 received an inviiation to lend my chrono- 
graph and give my assistance m completing the experiments 
commenced about ten years before. It appeared to me that 
I ought to comply with this request because I had the means 
ready fur the performance of the work, and because the 
invitatitm itself, under the circumstances, seemed to be a 
sufficient recognition of the practical value of my previous 
labours, and also a confession that, for that particular work, 
my chronograph was superior to all those possessed by 
Government and used more or less in their experiments. 
These were the new Ballistic Pendulum, the Havez, the 
Leurs, the Bouleng^, and the Schultz Chronoscopes. 

My instrument was therefore sent back to iShoeburyness 
and set up in June, 1878, having been removed from that 
place in May, 1870. These recent experiments were carried 
out with vcri/ hii/h as well as very low velocities. The 
projectiles were ogival-headed, excepting three rounds of 
flat-headed and three rounds of hemispherical-beaded shot, 
which gave very satisfactory resulls for each form of head 
through a considerable range of velocity. The reader is 
referred to the final Keport on Experiments made with my 
chronograph 1878 — 1880 for all particulars respecting these 
late experiments. The chronograph has now been returned 
to the Houth Kensington Museum. In addition to the 
Officers of the Royal Artillery already mentioned, my thanks 
are due to the following OtBcers, who most carefully carried 
out all these recent experiments at Shoeburyness, and sent 
me the records for reduction, namely, Major C. Jonea, H.A.; 
Captain Bainbridge, R.A. ; Captain Morley, E..A. ; Captain 
McClintock, 11.A.: Captain O'Callaghan, E.A. ; and Captain 
White, R.A. 



OS THE MOTION OF PROJECTILES. V-i 

After I had satisGed myself respecting the capabilitieB 
of ray instrument in 1S65, I was careful to refrain from doing 
anything which might prevent it from heing applied to that 
purpose for which it was designed. Time liaa gradually 
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brought forward better instructed officers capable of forming 
an independent opinion in scientific matterB. Tliua, by 
working and waiting, the desired result has been arrived 
at at last. Every possible assistance has been most readily 
afibrded me, so that for any deficiency I am alone respon- 
sible. I wish also to espresa my great obligation for the 
official publication of all my reports just as they were 
written* at the specified dates, for these apeak for themselves. 
And it is a curious question why, wlien an instrument much 
wanted in the service had proved uniformly auccesafol, the 
ase of it was neglected, so that important results, whicb might 
have been easily obtained in three or four years, were delayed 
for fifteen years. These original Reports of my Experimenla 
and my complete "Treatise on the Motion of Projectiles" 
being now before the world, I have every confidence that 
my labours will receive just that appreciation which they 
may be found to deserve. 

92. The best evidence of the real opinion entertained of 
the value of my experiments will be found in the use that 
has been made of the results at home and abroad. After 
the trial of my instrument, the first real experiment was 
made to determine the resistance of tbe air to elongated 
projectiles provided with various forms of heads. The Report 
of this experiment was dated October, 1866.t By minute 
23,351, September 21, 1867, the Ordnance Select Committee 
adopted my result as tbe produce of their own experiments, 
■ so far as Service Shot was concerned. The omitted acknow- 
I ledgment was afterwards fully supplied in the Proceedvngn of 
ike 0. S. 0. vol. VI. 397, 1868. My General Tables were 
reprinted in the new edition of the Treatise on the Construction 
of Ordnance, by M.ijor John F. Owen, R.A., Captain In- 
Btrpctor, Royal Gun Factories j and again in Principles of 
Gunnery, for the use of l/ie E. M. Academt/f Woolieich, by 

* " Beparts on EiperimGnta made wibh the Baalifarth Dtaronograph to deter- 
mine the ResiaUnoe of the Air to the Motion of Projectiles, ISlio— J87U." 
London : W. Glowea and Son, Hbitisoii and Sons, ibc., ilic 

And " Final Keport on Expiiriments made with the Bashforth Chronogntph to 
determine the Reaiatanoa of the Air to the Motiun of Elongated Projectiles. IK78 — 
i| W. Clott'sa and Sona (Limited), Harrison and Sous, ic, 1B80. 
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Major Sladen, E.A., ProfeHsor of Artillery. CaptaiD Ken- 
sington, R.A , contribuled to tbe Proceedings of the Royal 
Artillery luatitutioo some useful esplauatory notes on tbe 
former part of tbis treatise. And more recently application 
haa been made to me for assistance in tbe production of a 
Naval Manual of Gunnery. In Russia, General Mayevaki, 
Professcur de Balistlque k rAcademie d'Artillerle, adopted my 
reaulta, so far as they were known to bim, in bis Balia- 

in 1872. Tbe following table bas been copied from thb 
work, concerning wbicli General Mayevski remarks : " Ausal 
"pour completer les denudes se rapportant aux projectiles 
" de forts calibres nous avons profit^ des tableaux des vitesses 
"d^croiasanteadeduites par M. Basbforth de sea experiences 
"faitea en 1868 au moyeu de son clironograpbe ; ces tableanx 
" coraprennent lea viteases de SIS'" ' &, 283°'' qui correspondent 

"oblongs de NS""", 203'°°' et 229'°", et qui sont obtenuea 
" pour le cas oil le mouvement des projectiles pent 6tre con- 
"sid^r€ comme rectiligne. Nona avons calcule d'aprfes lea 
" r^aultats insures dans ces tableaux les valcura de ia resistance 
" correspondantea k diff^rentes vitessea."* Those determi- 
nations of p' marked "angl." were derived from my tables. 
Projectilea Oblonga.f 


1 
1 


Bouches 
a tea 


VitBsses 


ViJei.TS 


Benches 
a. tea 


Titesaes 


Yaleun 
dop' 


C. de 4' 
C. de 203'°'" 
C. de 4' 
C.de 121 
C.de 24> 
C.de 203°"° 
C.de 203™'" angl. 
C.de 229'°°' angl. 
C.de 203'°" angi. 
C.de 178'°'° angl. 
C.de 12' 
C. de 4' 
C.de 229°'"' angl. 
C.de 4' 
C. de 203'"™ 
C. de 203-™ angl. 
C.de 241 
C.de 178'"'° angl. 


207 
239 
247 
266 
282 
287 
291 
300 
302 
304 
307 
316 
317 
319 
320 
320 
322 


O.OISI 
0-0137 
0-0148 
00170 
0-0160 
0-0163 
0-0184 
0247 
0-0230 
0218 
0-0221 
0-0158 
00305 
0-0259 
00174 
0'0a77 
0-0299 
0-0270 


C. de SOS"""* 
C. de 203'"" angl. 
C.de 229°"" angl. 
C. de 41 
C.de 178"'° angl. 
C. de 203°"° angl. 
C. de 229'"" angl. 
C.de 178"™ angl. 
CdeaOS"™ 
c.de 203°"" angl. 
C.de 4' 
C. de 203'°" 
C. de 203'"'" angl. 
C. de 229"°' angl. 
C.de 203'°" angl. 
C. de 203'°" angl. 
C.del78"°'angl. 


329"- 
332 

33i 
337 
340 
345 
355 
358 
360 
360 
401 
409 
419 
420 
4S0 
508 
512 


00338 
0327 
00332 
0-0341 
0-0334 
003S4 
0-0364 
0-038-2 
0-0384 
0-0393 
0'0460 
00430 
0-0433 
00427 
0-0449 
00440 
0-0443 


1 


, — ■"" J 






^^H 


^^^1 






^^^^^1 
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I 



General Mayevaki plotted these resulta, taking the veloci- 
ties for abscissn, and the values of p' for ordiiiittcs, and then 
from the curves drawn througli the pnints so fouud he 
deduced various fortuulie connecting v and fi', 

93. My experiments with elongated shot, made m 1868, 
were aubaequently reduced more carefully, after which proceas 
new coefficients were obtained, differing somewhat from those 
used by General Mayevski. Therefore Didioo'a p' has been 
calculated from the coeiHeienta given in Tables II. and H. 
for both spherical and eloDgated shot for comparison with 
the results of other experimentera. Didion's p' = p-~vE'o'j 
'where p denotes the resistance of the air in kilogrammes 
to a ahot of radius S moving with a velocity v, R and v 
being expressed in metres. Hence it appears from my 
experiments, both with spherical and ogival-headed projec- 
tilea, that p Is nearly constant for velocities above 13U0 or 
1400 /.s, or, in other words, for those and higher velocities 
the resistance of the air varies very nearly as the square of 
the velocity. 

Spherical Shot. 



Tdodty 1 B 
/j mj || 


7°' 


Didiou' 


Virlef 


Mayevdd 


Baahfarth' 


900 
1000 


274-3 ; 
304-8 


052] 
0545 


0-0440 
■0459 


0^0389 
-0433 


0-0380 
.0442 


0^0373 

■0422 


1100 

laoo 

1300 


335-3 

365-8 
396-2 , 


0569 
0590 
0609 


■0478 

■0497 
■0516 


•0476 
■0519 
•0563 


■0510 
■0584 
■0610 


■0499 
■0551 
■0575 


1400 
1500 
1600 


426-7 : 

457-2 
4877 


0623 

0634 
0639 


■0535 

■0554 
■0573 


■0606 
■0649 
■0692 


■0610 
•0610 
■0610 


-0592 

-0602 
•0611 


1700 
1800 
1900 


518-2 
5486 
579-1 


0640 
0636 
0628 


■0592 
■0611 
■0630 


•0736 
•0779 
■0822 


■0610 


■0615 
■0615 
•0618 


2000 
2100 


609-6 
640-1 


0616 


•0649 
■0668 


■0866 
■0909 




-0622 
■0623 



1783— 17M1. Trans,vo. 

' DidiOQ-s Experimei 
DidioQ'a Traite de Bal. i 

■ VirloC'a Eiperimeni 
See Majeraki's Traite (!■ 

* M&ye*ski's Eiporli 
bni^, 18(13. 18B9. See 7 

' BaaUorth's EiperiD 
_ iB68. See Seporlt -fc, p. 



nta made witb the lUallistic FeDdiilum at Woolnicb, 

ts made vith the Balliatic Pendolum at Ueti, 1839, 1840. 
. 6ti. 

s made with Hnvez E.B. Pendulum at Uetz, 1856—1858. 
Bal. P.3B. 

lenta made with Bonlengfi's Chronograph at St. Petera- 
raitedeEul.p.i[. 

leata made with Ma Clock-Cbniaograph at ShoebnrfDem, 
111. 
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Ogival-heaJed Sbot. 




V«locitj 


H&lic* 


Mfljevaki 


Bashforth- 






P 


p' 


100 


SO-5 




0-0120 


00174 


200 


610 




00122 


0-0174 


400 


121-9 




0-0127 


0-0177 


600 


182-9 




0-0137 


0-0180 


800 


243-8 


0-0146 


0-0150 


0-0183 


1000 


304-8 


0-0182 


0-0224 


0224 


1200 


365-8 




0-0437 


0-0393 


uoo 


4267 




0-0437 


0439 


1600 


487-7 




0-0437 


0-0430 


1800 


548-6 






0-0416 


2000 


609 -S 






0-0412 


2200 


670-6 






0-0441 


2400 


731-5 






0-0428 


2600 


.792-5 






0-0408 


2800 


853-4 






0-0i36 



94, It has been shewn (54) that 



and that f.^-% [^\ - ^X + H^\ - i^^\ + &c.)- 

If now wc dcvelope v^^^ in tbe Bame manner as m,^^ was 
developed, and equate coefficients of ti and n", we obtain 
I 

and /, = -^(A"',.,(+ A'(,.a, + iiAV,,^,+ \^^%^,-\- &c.). 

Tbe formula (2) page 40 should liave a term -^^'t.^^t 
instead of ^ICt^l..^. 

The expressions for the retarding force should have been 
written 



/.= 



'r{A\~i\A\) at page 42, 



and _/a ~ — pi A% ~ '^'O ^* P^S^ ^^• 

• Helie'a Espcrimente made at GlTre 18,i9. efiUe's Troilc de Bal. p. 416, 

' MftjeTBki's Esperiinenta made willi Boulengfi'a ChroDosGopa at St. PBterglmrg, 

1868-9. TVaiterfefio/. p. 41.§-27. 

■ Bashfortb's EiperimeDts made at ShDebaiyiieM 1867-8 and tH7B-gO. Seo 

^11^ Report. 
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95. The example (57) given to illustrate tiie mode of 
reducing an experiment foroied round 341 in the publiBhed 
Reports, &e.f 18G5 — 1870. The above Ibrmulse have been 
nsed to find d„ v^, r„ &e., ibe velocities with which the 
projectile passed each of the ten screens; and also to find 
}], /^, /j, &c., the retarding forces which were acting upon 
'it at the same points. This round was fired October 28, ia68. 
The barometer stood at 30'44 inches, and the wet and dry 
tulb thermomelers at 44° and 48° at 10 o'clock A.M. These 
observations give 556'2grs, as the weight of a cubic foot 
of air. And at 3 o'clock in the afternoon the barometer stood 
at 30*33 inches, and the wet and dry bulb thermometers at 
48° and 50°, which observations give SSI'Sgrs. as the weight 
of a cubic foot of air. And the mean of these two is 553-9 grs. 
which has been taken as the weight of a cubic foot of air at 
the time of the experiment. All the experiments were 
originally reduced to the standard weight of 5306 grs., which, 
for all round shot, remains unaltered, 1= 150 feet. 



(for all round ahot^ remains unaltered, i 
150 _ 
^^~ ■10417-^-00367 + ^-00011 " 



= U65-3/S, 



, -00356 _ 
tJSO)'"" 



■00356 ,.„„„,, 44-094 530-6 

(i5o7"<""'°"'(<rH?' 

And in the same manner the rest may be found as stated 
in tbe following Table : 



No. of 
Been. 




K. Ai'. 


1 
2 
3 
i 
5 
6 
7 
8 
9 
10 


1628-0-5" 
, ., , . — 56-5 

1517-8 "^ 

1415-2:* 
1367-3 *'., 


""■'+3-9 
120-0 + »' 

123-9 +" 

131-7 + lS 
135-6 +^.f, 
139-6 + " 
U3-9 + " 
148-2 + " 
152-5 + * ' 
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From the above Table we easily find the values of K 
corresponding lo velocities 1800, 1780, 17fi0...1340/.s, The 
values of A' lor corresponding velocities have been also taken 
from Table II. for comparison. 



V 


K. 

Round 
341 


Table 
U. 


Bm>r 


V 


K. 

fiound 
Sll 


Table 

n. 


EnDF 


1800 


1168 


U4-2 


+ 2-6 


1560 


132-5 


1301 


+ 2-4 


1780 


118-0 


115-5 


+ 2-5 


1540 


134-0 


131-5 


+ 2-5 


1 760 


119-2 


116-8 


+ 2-4 


1520 


135.4 


132-8 


+ 2-6 


1740 


120-5 


II8-1 


+ 2-4 


1500 


136-9 


1341 


+ 2-8 


1720 


121-8 


119-4 


+ 2-4 


1480 


133-4 


135-5 


+ 2-9 


1700 


1230 


120-8 


4 2-2 


1460 


140- 1 


137-0 


+ 31 


1680 


124-3 


122-1 


+ 2-2 


1440 


141-8 


138-4 


+ 3-4 


1660 


125-7 


123-5 


+ 2-2 


1420 


143-5 


139-8 


+ 3-7 


IG40 


127-0 


124-8 


+ 2-2 


1400 


145-3 


141-3 


+ 4-0 


1620 


128-4 


126-2 


+ 2-2 


1380 


147-1 


142-7 


+ 4-4 


1600 


129-7 


127-5 


+ 2-2 


1360 


J 48-9 


U4.1 


+ 4-8 


1580 


131-1 


128-8 


+ 2-3 


1340 


150-7 


145-3 


+ 5-4 



On reference to the Report it will be found that the 
coefficienta of resistance derived from tbe above round, and 
actually made use of, corresponded to velocities between 1700 
and 1400 /a. The reasons for making this limited use of 
each experiment were given as follows: — "A considerable 
" part of tbe extremities of the range in each round has been 
"rejected in finding the values of 25T, because the records 
" of the first and last screens are not so trustworthy as those 
"of the intermediate screens, and at the two extremities of 
" the range the direction of the motion of the shot is not 
*' so nearly horizontal as at the intermediate points," p, 59. 

96. Still more remarkable was round 399, used as an 
example at page 57 of Reports, &c. In this case tbe round 
shot was hollow and weighed 7-894 lbs. Its diameter was 
4-92 inches, and the density of the air on the day of tbe 
experiment was 1-0335. The values of the coefficients de- 
duced from this round, and actually used, corresponded to 
velocities 2150 /» to 1200 fs. Values of K have been calcu- 
lated from this single round corresponding to velocities 
between 2500 /.s and 1200 /.s, for comparison with the values 
of K given in Table II. for corresponding velocities. 
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r 


Boimd 
399 


Table 


Error 


V 


jr. 

Round 
39B 


K. 

Table 
U, 


Emt 


2500 
2400 
2300 


82'5 
90-8 






17S0 
1700 
1650 


117-8 
120-6 
123.7 


117-4 
120-8 
1241 


+ 0-4 

- 0-a 

- 0-4 


2200 
2150 

2100 


95-2 
97-5 

99'8 


96'9 
99-2 


+"6*6 
406 


1600 
1550 
1500 


126-8 
129-9 
133-1 


127-5 
I30'8 
134-1 


- 0-7 

- 0-9 

- 1-0 


2050 

2000 
1950 


102 -2 
104-6 
107-1 


101-5 

103'9 
106-3 


+ 07 
+ 0-7 
+ 0-8 


1450 
1400 
1350 


136-4 
139-S 
143-4 


137-7 
141-3 
144-7 


~ 1-3 

- 1-5 

- 1-3 


1900 

1850 
1800 


109-7 
112-4 
115 1 


108-7 
111-3 

114-2 


+ 1-0 
+ 1-1 
+ 0'9 


1300 
1250 
1200 


147-3 
151-3 

155-5 


147-8 
151-1 

153-4 


- 0-5 
+ 0-2 

+ 2-1 
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97. Ab a furllier illuatration of the power of ibis chrono- 
graph I give below the values of K for flat-headed and 
Eeini spherical-headed elongated shot derived from (Ai-ca rounds 
of each form of head for comparison with the value of K for 

ogival-headed shot.* 



V 


"eS" 


Hcini- 


Flat 
Head 


V 


« 


Hemi- 


Flnt 
Heild 


1520 


96-2 




173-3 


1700 


83-0 


113-6 


173-5 


1530 


95-3 






173-6 


1710 


82-4 


113-1 


173 2 


1540 


94-4 






173-8 


1720 


81-8 


U2-6 


172-9 


1550 


93-fi 






173-9 


1730 


81-2 


112-0 


172-5 


1560 


92-8 






174-0 


1740 


80-6 


111-4 


172-1 


1570 


92-0 






174' 1 


1750 


80-0 


110-8 


171-7 


1580 


91-2 






174-2 


1760 


79 5 


110-2 


171-2 


1590 


9(f4 






174-3 


1770 


78-9 


109-5 


170-7 


1600 


89-7 






174-4 


1780 


78-4 


108-8 


170-2 


1610 


890 






174-5 


1790 


77-8 


108-0 


169-7 


1620 


88-3 






174-5 


1800 


77-3 


107-1 


169-1 


1630 


87-6 






174-5 


1810 


76-8 


106-1 


168-6 


1640 


8R-9 


115-8 


174-5 


1820 


76-2 


105-1 


168-0 


1650 


86-2 


115-5 


174-4 


1S30 


75-7 


104-0 


167-4 


1660 


85-5 


115 2 


174-3 


1840 


75-2 


102-9 


166-8 


1670 


84-8 


114-8 


174-2 


1850 


74-7 


101-7 


166-2 


1680 


84'2 


114-4 


174-0 


1860 


74-2 


100-5 


165-6 


1690 


83-6 


114-0 


173-8 


1870 


73-6 


99-3 


165-0 



• See Final Report, pp. 37, 10, ani i3. 
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98, If now we increase the values of K^, given in 
Table II. by 2-300tliB of tlieir valueB to render the supposed 
density of tlie air tliere (he same as in the above table, we 
Bhall tind that the value of K^ for n be mi spherical-beaded 
dongated shot is a little smaller than that for round shot. 
Thus, for vclodtleslG50/.sl700/.sl75(>/sl800/.s and 1850/» 
jr.fori-splierican 
heads is ) 
jr. for ■pl.mcsl jjjj.,, j2,.|. 
allot IS t 



101-7 



115'0 



Difference 



9-4 



8'0 



7-4 



10-4 



The value of K„ for hemlapherleal-beaded shot was found 
to be 133'l for a mean velocity of about 1130 /.s,* while that 
for spherical shot for the same velocity was 153'1, as given 
in Table II. 

99, It is remarkable through what a wide range of 
velocities a very correct /nw of resistance to splierical shot is 
given by each of the rounds 341 and 399. But the like 
favourable result cannot be expected from any single round 
of ogival-headed elongated shot. For the resistance of the 
air to a pointed elongated shot is less than the resistance to a 
spherical shot of the same diameter, while the former ia 
heavier than the latter. On both accounts the variation of 
velocity of an elongated ogival-I leaded sliot, in a given range, 
will be much less than that of a spherical shot under like 
conditions. If the round shot be truly spherical, it will 
always present the same surface to be resisted, while this 
is perhaps seldom the case with an elongated shot througb 
any considerable range. 

With high velocities the shot moves in an approximately 
straight line, it cuts the threads of the screens promptly, and 
the retarding force of the air, being great, causes great 
variation in the velocity of the shot. Ho there is no difficulty 
in finding the resistance of the air to projectiles moving at 
high velocities. But when we get below a velocity of about 
1000 f.s our difficulties go on increasing as the velocities 
decrease. The trajectory becomes so curved that we are 
limited in range, or have to leave out the central screens. An 
oglval-beaded projectile, 3 inches in diameter wilt then often 
pass between the threads of the screens, only one inch apart, 
without breaking one of them, and the resistance of the air 



• Jteports, cfc, p 



id rhil. Train, p. 42ij, 1 
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ON THE MOTION OP PHOJECTILES. lOl 

I OB SO reduced that it produces only a sllglit variation of the 
I Telocity of the ahot in a single round. 

100. After the coefficients of resistance had been found in 
the usual manner down to a velocity of i50f.s, the trajectories 
and times of flight were carefully calculated for the 6'3-iDch 
howitzer, and compared with the range tables given in the 
Inetructiona fof Field Service, 1879, and also with numerous 
German range tables, where the value of (^-=-10 was nearly 
the same as for the English howitzer.'* As these comparisons 
appeared to be aa satisfactory as could be reasonably expected, 
the coefEcieiits were plotted, making u the abscissa and K^ the 
ordiuate. The average curve passing among the points so 
determined was produced so aa to give approximate values 
of K for still lower veloeitios. Special experiments were 
afterwards made with the S'3-inch howitzer with low charges 
of 1^ lb., 1 lb., I lb., i lb. and \ lb. in order to teat the value 

' of these coefficients, when employed to calculate the ranges 
fafnd times of flight of projectiles moving with very loig 
Erelocitics. The result appeared to be satisfactory.t 

101. In these comparisons of the results of calculaEioa 
and experiment great diacrepiUicics appeared in the cases of 
"final velocities" and "angles of descent." This shews how 
much the final velocities and the angles of descent of ordinary 
xange tables need correction, for it is manifest that these are 

jSot matters which admit of accurate measurement. But if a 
net of coefficients give tolerably correct ranges and times of 
flight for various low muzzle velocities and various elevations, 
there can be no doubt about the accuracy of the terminal 
velocities and angles of descent calculated by the help of those 
cocffioientB. 

It is probable that the coefficients adopted for low velocities 
are somewhat greater than those which would have been 
obtained if the projectiles had moved with their axes strictly 
in the direction of motion during the experiments. Still, so 
far as they have been derived from experiment, they are such 
as may be expected in practice, for at low velocities projectiles 
must move with their axes inclined to the direction of motion, 
because their trajectories are much curved. In the experi- 
made with low charges care was taken to measure the 
'jump " for elevations up to aO", but these were found to be 
small and irregular that they could be neglected.^ 

• See Fituir ReimH, 1830, Tablea 111. (Al and (B), piges ih-il. 
t Final Seporl, p. 7, and Table XlIC, [i. 49. 
j Fiiuil Stpori, p. 6, 



102 



SL'PPLEMEMT TO A TREATISE 



102. I havo not had an opportunity of testing the value 
of tUo coefficients of reaiatanco for high velocitiea by a 
coiDuarison of calculated and experimental ranges and times 
of flight. And there does DOt appear to be much necessity 
for this, as the experiments witli high velocitiea are bo 
satisfactory. It ia probable that the projectiles In these 
experimeuts moved with their axea more nearly in the 
direction of their motion than would be the case throughout 
alongrnnge. That would lead us to expect the calculated 
range to be too great. With high charges the "jump" of 
the gun might be expected to give too great an experimental 
range. And if the elevation of the gun was considerable, a 
great part of the horizontal motion of the shot would take 

Elace in air much leas dense than that for which the coefficients 
old good. This would cause the experimental ranges to 
exceed the calculated ranges. But in these ciises the "jump " 
may bo measured by careful experiment, and in calculating 
the trajectory, account may be taken of the decreasing 
density of the air as the projectile rises above the earth. 

103. The new values of K for ogival-headed elongated 
shot, giveu in Table H., have been calculated on the sup- 
position that the weight of a cubic foot of air is 534-22 grs., 
which is the weight of a cubic foot of dry air at a teraperatura 
62°F., under a pressure of 30 inches of mercury. The values, 
therefore, of K in Tables I. and C. have been increased in 
the ratio 530-G : 534-22, or the old values of K have received 
an increment of about 2-300th3 of their former values. But 
aa no new experiments havo been made with round shot, the 
values of K in Table II. remain unchanged. 

When calculating a trajectory, &c. suppose that a cubic 
foot of air weighs (534'22 ± A) grs., this may be allowed for 
in the following manner. K^ ia generally found multiplied 

by ^ . lu this ease — K^ becomes 



334-22y 
When then - (Ut " 



1±T 



{^ I 



Ut^ 



534-22; 



4. . .3 once found, it can be used in tfaa 

calculations in combination with the tabular values of IC,, 
This will be found a simpler process than coiTecting the 
tabular values of K^^ for in the case of the General Tables, 
■we shall have 

' ' ^ 534-2^, 



:('^534W^ 
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or, If we suppose the tiurmal helglit of the barometer to be 

30 inches, and the observed height 30 ± ^ inchcB, tben we 
shall have 



■± 



;).-sr-s.. 



I 



104. In the cnrcful calculation of the trajectory of a shot, 
it will be necessary to take into account the diminution in the 
density of the air correspoudiug to ihe probable height above 
the surface of the earlli of the middle of each successive arc 
into which the trajectory is divided. 

The following Table calculated for a temperature of 62° 
will be useful in taking account of this diminution of the 
density of the air aa the shot rises. The height of the shot is 
expressed in feet, and the height of the barometer in inches. 
Thus, suppose that the height of the barometer at the surface 
of the ground is 29 inches. This corresponds to a height 
2700 feet in the Table. When the shot is 2200 feet above 
the gi-ound, tlie height of the barometer corresponding to 
2700 + 2200 = 4900 feet is 26-8.1 inches. And the proper 
value of K will here he Kx 26'84 + 30, approximately. 



H. 





100 


200 


800 


400 


600 


SOO 


700 


800 


900 


Mean 


Ft. 
D 
1000 
2000 
3000 
1000 
fiOOO 

eooo 

7000 
8000 
9000 
10000 
11000 
I2O00 
13000 
IJOOO 
IfiODO 


In. 
32-00 

30-sa 

2978 
2873 
27-71 
26-74 
26-79 
24-88 
24-00 
23-18 
21-65 
2079 
20'0G 
19-85 


In. 
31-89 
80-77 

28-62 
47-61 
26-06 
25-70 
2392 
28-07 
21-48 
20-72 
1098 


In. 
81-78 
BO-66 
-29-67 
28-52 
27-62 
26-66 
S-I-Ol 
34-70 
23-88 
22-99 
22-18 
21-40 
20-64 
19-9! 
19-21 

ia-53 


Id. 
81-68 
30-54 

28-42 
27-42 
26-46 
26-61 
28-75 
22 91 
32-10 
21-38 
20-57 
19-84 
19-14 
18-47 


In. 

30-43 
29-86 
2883 
26-36 
25-42 
34-63 
28-66 
22-83 
23 02 
21-25 
20-49 
19-77 
1907 
18-40 


In. 
31-44 
30-82 
29-25 
28-22 
27-22 
3627 
25-88 
24-44 
23-68 
2S-74 
21-94 
2117 
20-42 
19-70 
19-00 
18-34 


In. 

30-21 
29' H 
2812 
26-17 
25-24 
24-36 

22-60 
21-86 
2109 
20-85 
1963 
1894 
18-27 


In. 
31-22 
3010 
29-04 
2802 
27 03 
26-08 
2516 
24-aG 
33-41 
23-68 
21-02 
20-27 
19-58 

1821 


In. 

30-00 
28-93 
27-92 
26-93 
26-98 
25-00 
24-18 
23-32 
22-BO 
2L-70 
20-94 
20-20 
19-49 
1H80 
18-14 


In. 

29-89 
28-83 
27-81 
26-84 
25-89 
24-97 
2409 
23-24 
23-43 
2103 
20-87 
20-13 
10*2 

1808 


■lU 
'110 
■106 
■102 
■097 
-094 
■091 
■088 
-086 
-082 
-079 
•076 
•078 
■071 
-069 
■066 
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10.5, Tn llie groups of values of K, for low Telochlea 
(sec Finftt Report i there is often a greater variation in these 
values than might have been expected, and in consequeace 
of the shot having so frequently passed through the screens 
without giving a record, it ts difficult to decide whether theB6 
irregularities be entirely due to the unsteadioess of the shot- 
All that I could do was to reduce the records sent to me aa 
carefully as possible and state the result. It must be borne 
iu mind also that the imit in the value of K^ depends upon the 
second ditforcnces of the times of passing each screen 
expressed to the 1-lUOOUOtb of a second. It is not pretended 
that any chronograph can measure time practically to this 
fabulous nicety, out in reducing the observations, where the 
records were read off to the 1 -3000th of a second, it was 
found insufficient for the purposes of calculation to express 
time in seconds to four places of decimals only, and con- 
sequently five places arc always used now. The experiments 
were nearly completed before either of the two following 
plans suggested themselves as likely to secure a good record 
for every screen passed through by the shot. 

106. First, drill three or more equidistant holes normally 
to the surface of the head of the shot, not far from the 
cylindrical part, and plug these holes with soft wood. Juat 
before loading fix pieces of softened watch spring wire Iu each 
of these plugs, sharpened on the front edge, so that they may 
clear the gun and yet catch the string of the screens. I have 
tried a wooden model dropped from the height of 3 or 4 feet 
on strong threads stretched horizontally 
with periect success. 

The second method depends on an 
alteration of the screen. A strong linen 
thread is to be attached to s.Jix&d point n 
(fig. 20) at the top of the screen, and 
carry a sufficient weight W attached 
at the other end. The arrangement for 
breaking circuit by wire springs cb is 
much the same as that which has been 
used hitherto, only the springs act down- 
wards here. Each string of the screen 
is turned once about the round spring 
wire at h, so that the weight 11^ will keep 
the string ah stretched, and when a sudden 
pressure comes against the thread ah, the 
spring c6 will be jerked upwards sufficiently 
to b]'eak contact at e ; a is a stop. 
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107. Kobina and Hutton endeavoured to determine the 
of the air to the motion of bodies of variouB 

forma for very low velocities by the use of the whirling 
machine. When the motion of the machine appeared to be 
oniform they found the average time of a revolution, 
and thence deduced the resistance of the air. My chrono- 
graph is well adapted for experiments of this kind, because 
it would give the exact time of each aucccBsive revolution, 
beginning from rest, and so afford means for calcnlating the 
retarding force for all velocities below the greatest attained. 
Yet there is not much encouragement to pursue this method 
of experimenting as it has only been used for velocities 
below 25/.S, and there seems to be a liability to error arising 
from friction and from the stretching and rigiditv of the 
string. It therefore appears that it would be preferable to 
experiment with bodies of the required forms, constructed of 
some suitable light material, falling freely under the action 
of gravity. The arrangement shown at fig. 1 1 would be very 
agitable for dropping the bodies. If the greatest available 
height were S, then I would first find the time of falling 
from rest through a height -^H, taking the mean of 8 or lU 
experiments. Afterwards I would find tbe time of falling 
freely through heights of ^H, y'^r^i t^c. When the experi- 
ment was completed these times might be differenced, and 
'lence the retarding force of the air might be deduced as ia 
[55) and (57). 

108. When 7 is large, l—y{3p +p') varies rapidly, and 
therefore it is not convenient to calculate tlie values ot A', Y 
and Tin such cases by quadratures iu tbe usnal manner from 
forraulffl (6), (7) and (8) m (63). 

In (62) we have found 



When = 



ll-yiSp+p")]. 

suppose H = ac , and then we have 



3i',+-?,' 



-(3/+/) 



r((3i'.+ i'.')-(3i'V)I. 
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(%')* pp.-^p:)-i^p+p')\i' 



therefore 






(i+pT<i» 



aodj Bimilarly, 






"(4tVj* J {(sp, +;',') -[¥+/)!' C4iV)* 



= (4%)i J 



pU+p')'^ 



(4%)i J {{3p,+p.')-{^p+p'}]t (4iV)* 

Tho above formulie have been used in calculating tables of 
values of X', Y' and T, for Sp, + p' equal to 0-01, 0-001, 
0-0001 and 0, or for values of 7=100, 1000, 30000 and 
infinity. 

109. Let P^PAB (6e. 21) be the trajectory of a given 
ehat, on the supposition tiiat the resistance of the air varies as 




the cnbe of the velocity. If now the given sliot be pro- 
jected from any point i*m the directiou of the tangent Pt at 



^MOTIO 



that point, which ia inclined to the horizontal line PN at an 

I angle (f, with the velocity v^,, it will describe tho path PAB, 
'i Vf be determined from the equation 



Ct^) =^['-'y(3tan.^-ftan"0)}. 

As the point of projection approachea P„ ^ will increase 
id 1 -7{3 tau0 + tan 0) will decrease, and, therefore, u# 
'ill Increase, At P„ when ^ = 0,, suppose that 

1 — 7 (3 taii^, +tan"0|) = O, then Vi^ = 'X . 

If we suppose i/r to be larger than 0,, 1—7(3 tan if'+tan'i^) 
is negative, and, therefore, Uj, ia negative. That is, if 3Qq=^, 
then the shot must be projected from Q downwards in the 
direction Qr. 

110. Thus the velocity of projection upwards decreases 
from Qc at P| to u^ at the vertex A. And the velocity of 
projection downwards decreases from cc at P, towards (7, till 
it becomes a minimum at a point where the resolved part of 
gravity in the direction of the tangent is equal to the 
retardmg force of the air, or where gB]ny}t = 2bv_y'. And 
.Substituting for v. Its value from 

{v^ co3^y)-'=^u;^ {7(3 tan>;r + tanV) - ij, 
TV6 arrive at the equation, tan2i/f = — 27 for determining ^. 

111. P^AB and P, (J G are Independent branches, having a 
common tangent at P,. If we supposed the shot to move 
under the action of gravity and an acceleratinfj force Ibv^ in 
the arc CQP,, and that the force + 2fiu' suddenly changed to 
— 2bv' at P| when the velocity was infinite, then a single shot 

lid be made to describe the whole arc GP^AB continuously. 

112. The velocity of the shot moving in the nelghbour- 
ffjoA of P ia very great, so that arcs P,« and P,6 arc not 
important because we do not possess any practical means of 
communicating the corresponding high velocities to the shot. 
Tables of values of X, I' and T have been calculated for all 
practically useful values of between -f 60° and — 60°, from 
7 = to 7 = l-0; and after that for values of 1^ down to —45°, 
from 7= I'l to 7=cc , where 1—7(3 tani^4- 1 an" i^J is positive. 
These tables, therefore, apply to the branch aAB only. 

it was desired to depress guns very much it would 



I 
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be necessary to calculntc tnbles where 7(3 tanV'+ tan'^J-l 
ifl positive, whicli would apply to the branch bQO. 

113. V^e. can find the extreme dcpresaion of each gun for 
which the accompanying tables coable ub to calculate the 
trajectory. When a shot is fired from a gun elevated above 
the horizon it is known that it will pasa the vertex of the 
trajectory with a velocity \, less than the velocity of pro- 
jection. But when a gun is depressed below the horizon, the 
theoretical velocity w„ at the vertex A of the trajectoty will 
generally be greater than the velocity of projection. If the 
velocity of the shot would pass through infinity between the 
vertex A and the point of projection i?, then the tables 
ab-eady calculated do not apply to the case. But if the 
velocity would be infinite at the vertex j1, or on the side AP^, 
then the accompanying tables are applicable. Let the shot he 
fired at an angle i^' below the horizon with an initial- 
velocity II. Then we have 

/•lOOUX' ,' 1000 X" Kd* _ 

Snppose now, that w„ = a: and that u cos 0' = 15OO/s, then 
we obtain, 

from which 0' can be found by the help of Table V. or D. 
after numerical values have been assigned to JC, d and w. 

Example 1, Take the 11'6-inch gun, where d = lV5^ 
inches, 10 =700 lbs., and therefore tf''-^M = 0'1896, and 

p =(}^\' 

*' U500/ 



.!0-1896)=-49865, 



which gives 0'= 9° 20' nearly, 

Hence the tables already calculated apply to all elevations 
of this gun from + GO" to - 9° 20'. 

ExampU2. Take the 3-incb gun, where (7 = 2'92 inches, 
w = 12lba., and therefore <i"-H!o = 0-7 105. 

Here P*, = (^V - (3-134 x 0-7105) = 0-13306, 

which gives ^' = 2° 3^'. 

Hence the accompanying Tables apply to all elevations of 
the 3-iiieli gun from + G0° to - 2° 33'. 
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114. Let v„, v^ be the velocities of a, shot moving in the 
aacending branch of its trajectory at points where the tangents 
are inclined to the horizun at angles a, respectively, and 
K-i-g the mean coefficient through the intervening arc (a— /3). 
Suppose that y„ is given, then ia order to find w^ we mast 
make use of the equation 

I C™)"=(^°)"-f^'^-^»'-(^'- 

But we cannot assign a correct value to K-i-g till we have 
found Ug. On referring to Table I. or R. giving correspond- 
ing values of v and K-i-g, it will be found that sometimes 
K^g is varying sJowlp with u, while at other times it ia 
constant or nearly so. It will, therefore, be advisable to begin 
by assuming a value for S'-i-g equal to that given in the 
table opposite to u„, or, preferably, to a velocity something 
less. Substitute this value of K-h-<j in the above equation, 
and then v a QooAJlrsl approximation to v will generally be 
found, if the arc {a - yS) he not too large. 

Now find the mean value of K-^g between i;„ and v^. If 
the first adopted value of K-i-g require a small positive 
correction then v will require a small negative correction. 
The way in which this correction may bo introduced will be 
best seen from an examplo. 

Taking the example worked out at p. 60, we have given 
^^ e„ = Bj = 1335/s ; «j=1329-9/s; (^'-^ jo = '50935. And on 
^^.referrmg to Table I. we find for a velocity 1335/.a the value 
^HS'322 for K^g. Substituting in tlie above equation, we have 

^P = 0'42515 + 0-10026 = 0-525il, 

^^ which gives u, = 12393/.s; 

and V, = 1239-3 3ec4° = 1242-3 /s. 

The value of K-r-g corresponding to the mean of the 

• ■relocities 1335/.S and 1242-3 will be found by Table I. to be 
i8-358 = 3-322 + -036 = K^g -f hK^ g. Now 
ff-i-9'=3-322 gave -10026, 
therefore +5^^<; = 0-03C will give +'00109, 
and from Table F. it appears that for a velocity about 1239/s 
correction of +'00127 applied to (1000 -;•«)' gives a 
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correction - l*0/.« to be applied to v. Therefore, a correction 

+ 'OOIOS will give a correction of — O-9/.s to tie velocity, or 

K^ = u^= 1239-3 - 0-9 = 1238-4/s. 

H5. If we proceed to calculate ^rst approximate values 
of Kj, u^, Mj and M^, using the same value 3"322 of K.-¥g, 
wc hnd 

u, = 1169-5/8 instead of 11G7-8, 

u,= 11133 ini-6, 

U,= 1066-8 lOGGO, 

and u, = i0271 1031'9. 

Thus it appears that a somewhat erroneous value of jfT-e-jy 
will generally give a very i&\r first approximation to «„. And 
this arises from the fact that when the arc (a — ^) is properly 
assigned, K-^g is always multiplied by a very small quantity. 
For d'-¥ w varies from about 3 for a small arm bullet to 0'25 
for the lO-iuch gun, and becomes still less for larger guns, 
When (f -r- MI ia large a—^ must be small, say about 0°'5, 
then f^" ^ MJ X (/*„ - r^) = 3 X 0-03 = 0'09 nearly. In calcu- 
lating trajectories for the 6'3-inch howitzer for low velocities 
(below SOO/s), where -f"^ w = 0'561G, it was found very 
satisfactoiy to divide the trajectory into area of 4° or 5°, 

116. Some difficulty has been experienced in calculating 
V from the equation [A) where K generaUy varies slowly 
with V. The trajectory has to be broken up Into a series of 
small arcs through each of which K has to be supposed 
constant, and equal to the mean value between «„ and u . If 
the arc (a — ff) be properly chosen E may have its mean 
value derived from the table of values of 2 (K-^ g), or it may 
be the mean of its values corresponding to ii„ and t; , or it 
may be the value of Jl corresponding to the mean velocity 
^ [Va + 'Vg]- For if the results differed sensibly it would 
appear that the arc (a - ^) was too large. As the problem 
does not admit of a direct and precise solution it is necessary 
to resort to approximations. But if these approximations be 
intelligently carried out, any required degree of precision may 
easily be obtained in the result; and the smaller the arcs are 
taken the more nearly exact becomes the result. 

117. But to meet this difficulty I have calculated an 
auxiliary Table J., where 



OK THE MOTION OF PHOJECTILES. 
By thia we find 

^-^={(f)"-(™)]i. 

■where ^ia supposed to vary continuously with v, from v, to 
But in the equation we have to deal with, u, and v^ are 
I replaced by «„ and u . We muat, therefore, put the equation 
[A) under the form 

1000 V /1 000 VI .9 d* ,„ „. , 



I for the ascending branch, 

1000 



=^K-^.)"' 



/loooy _ 

\ r'a / \v'_ coatz seCy 



/ 1000 V (f 
-^ — — 5 = - (P/j - -P„) cos A 



» 



a ^ W P 

, ftr the descending branch, where, the smaller cosaaec/S 
■ , the nearer the calculated result will approach the true 
result. 

118. Suppose that a Martini-Henry bullet ia projected at 
an elevation of 1° above the horizouj with a velocity of 
J353/S. Then d = 0-45 Inch ; w = 4S0 grs. = 0-06857 lbs. ; and 
^-!-w = 2'953. As the velocity of the bullet will vary 
rapidly in consequence of the high value of d' -i- w, it will bo 
advisable to employ the general Table J, to calculate the 
velocities when the bullet is moving in directions inclined at 
0°'5, 0, - 0°-5, - l°-0 and -l°-3 to the horizon. We thus obtain 



w„.j = 1145-3/s; 
v\, = 924-9/s ; 



= 1034-7/.S ; 
= 900-0/.S. 



= 973-6/s; 



And using the tabular values of X, Y and T, we find ; 



^j,^= + 7-016 
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aud for the desceDding branch : 
^= 



,3:„^ = 2727 feel; 
„.,3:,-, = 244-3 „ 
,^,, = 135-8 „ 



l-lS4feet; ,',, = 0"-2723 
3-191 „ „J,^ = -2571 
2'726 „ ,„(, =0-1488 



,a:,., = + 652-3 „ ^,., = -7-081 
,T, = + 737-8 „ ,y, = + 7-016 



/,,^ = +0 -6782 
( = + -6305 



A correction of — 0'065 applied to y will give a correction 
- 0'065 cot r-3 = — 2-9 ft. to be applied to lc, and a correction 
-a-9-e-900x 1" = -0"-O032 to t. Hence the range on the 
horizontal plane passing through the point of projection is 
1390-1 - 2-9 feet = 1387-2 feet. The greatest height to which 
the bullet rises above this plane ia 7-016 feet. And the time 
of Bight is 1"-3087-0"-Oa32 = l"-3055. 

Or, if we divide the trajectory into two parts at the vertex 
we obtain M„ = 1034-5/*; v',., = 900'0/s ; and 



,a:, =747-0 feet; 
-c,, =652-3 „ 



,y^ = + 7-114 feet; and 



Hence the range on the horizontal plane is 1399-3+ 1-5 
s= 1400-8 feet. The greatest height is 7-114 feet, and the 
time of flight ia 1"-3125 + 0"-0016 = 1"-3I41. 

119. When, as in the above example, a shot is moving in 
a direction so little inclined to the horizon that the resolved 
part of gravity in the direction of its motion is very small, 
the general Tables L. and M. may be used to calculate the 
trajectory in the following manner. Suppose a, ff, to be the 
inclination to the 
zon of the tan- 
gents to thetrajectory 
at the points 0, P. 
Then the velocity of 
the shot ii„ at being 
supposed tobe known, 
^" f its velocity «^ at P 
the Table J- And by the help of 




can be found by the help c 
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the general Tables L, and M. it can be found m wbat space 8 
and in wbat time t, the velocity of the shot, unaffected by 
gravity, will be reduced from t?„ to «,. Then take the angle 
NOt = tx; Ot = s; and draw tN perpendicular to the hori- 
zontal line passing through 0. Then 

aX.^= 0N= 0(cosa = scosa; 
and y^PN= Nt - lP= s sin a - ye. 

Tbe valuB of yC will be found from Table G. when 
i;lLBOwn. In the descending branch wc have 

pN' = ni'p' = m's -i- sp =psaiospiii +)igt". 
In the above example we find 
,B^. = 416-5 feet; ^jH„=318-8 feet; „s„,„ = 272-9 feet; 
„,s,= 244-2 „ ; ,s,„= 135'1 „ ; 
A. = 0"-3359; „j(„ = 0"-2940; „(„j = 0"-2722 ; 



j(,=0"-2579; , 
a;„,^ = 416-4feet 
,a!„ = 318-7 „ 


,, = 0"-1483. 
,y„., = 5-452 feet 
„^„= 1-391 „ 


„./„ = -2940 


,3;„ = 735'1 


,y„ = 6-843 


/„ = 0-6299 


»„„ = 272-9 feet 
^, = 24i-2 „ 
a:,., = 1351 „ 


^„^ = l-193feet 
„^. = 3"201 „ 
^... = 2-711 „ 


^i^^=0".2722 
„^!, = -2579 
/,,, = -1483 


a:,,, = 652-2 
.ar„ = 735-1 


^,., = -7-105 
,y„ = + 6-843 


/,, = -0784 
.(„ = -6299 



1387-3 



- 0-262 



1 - 



Correction for y 18-0-262, for a; ia -0-262 cot r-3=-ll-5, 
Old for ( is - 0"-0128. Therefore, the rang6 ia 1387-3 - IVS 
"=1375'8 feet; the greatest height is 6-843 feet ; and the time 
of flight is l"-3083-O"-0128 = l"-2955. 

Or, if we divide the trajectory into two parts at the 
jertex, we find «„=1034-5/.s; v\,^ = WO/.s; ,s^= 736-0 feet; 
. = 661-3 feet; and 



, =735-9 feet; 
= 651-2 „ : 



= + G-410 feet ; 
,-- 7-390 ,, ; 



/„ =0"-630S 
( =0"-6776 
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120. If we suppose OP to be tbe arc of a drcle, then 
£PON=^{a + ^), and therefore ,*^ = a«y C08i(« + ^), and 
•ff/s = "'V *'" i {«+/9)- I'lius we find 



= 416-0 feet; 

= 318-8 „ i 


,y„, = 5-45l feet; , 

.J,, = 1-391 „ ; , 


„., = 0"-3359 
^f, = -2940 


= 735-3 „ 


X= + 6-842 


t^ = 0"-6299 


= 272-9 feet; 
= 24i-2 „ ; 
= 135-0 „ ; 


j/„= 1-191 feet; 
„^,= 3-196 „ ; 
^..,= 2'7U „ ; 


J„ , = 0"-2722 
„.f, = -2578 
,*,., = -1483 


= 6531 
= 735-3 


<^,, = - 7-098 
^, = + 6-842 


,(„ = -6299 


1387-i 


- 0-256 


l"-3083 



Hence the range on tbe horizontal plane through the 
point of projection is 1387-4- 0256 cotl°-3 = 1387-4- ll'S 
= 1376-1 feet; and the time of flight l"-30a3-0"-0]26=l"-2957. 

Or, if we divide the trajectory into two parts at the 
vertex, we obtain 

,a;„ =736'0feet; ,y„ = + 6-423 ,(„ =0"-6308 
„»,., = 651-3 „ ; ^j,3 = - 7-390 „(,„ = "6776 



Mr. W. D. Niven has shewn how to apply corrections to 
the angle ^(a + yS), so that by the help of the general 
Tables L. and M. trajectories may be approximately calcu- 
lated in the absence of the tabular numbers X, Y and T, 

121. The Tables of values of X, Y and T, or -T', Y' 

and 2", for 7= 13-0 to 7 = x have been calculated for the 
descending branch only of tbe trajectory. But if it should be 
necessary to calculate the ascending branch in any of these 
cases, then, as the inclination of the tangent of the trajectory 
to the horizon cannot much exceed 1° 30', one of tbe above 
simple methods would apply and must be used up to the 
vertex. After that tbe taoles of values of A', Y and T, or of 
A", Y' and T may be used to complete the calculation of the 
trajectory from the vertex downwards. 
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122. Suppose it to be required to calculate the trajectory 
of a 70 lb. ogival-headed shot fired from tbe 6'3-iiich howitzer, 
with & muzzle velocity of 751/.s at au elevation of 30°. Here 
(f= 6-27 in. and <£•-;-«)= -5616. We will divide the trajectory 
into arcs 30° -28°, 28°- 2i°, 24° -20°, »S:c. Calculate the 
velocities u„, b,^, v^, &c., by the help of Table J. 

Generally fiu ^^ = ff„ (P -PJcos'a fortheaacend- 
ing branch (117), 
or Si^ eec 30° = -fi,,. 



■■56l6(P„-PJcoa°30° 
)- 0-0653 = 7-5456 = i^,„ 



„ 86030°= 734-5, 



= 636-1, and i>„ = 720-4/s. 



* 



Again B^^ eetus" = Bv„- — {P„ - P„) cob'28° 



= 7-4864- 0-1243 = 7-3621 =jS^.„ 
or w„sec28° = 693-4, m„ = 612-2, and w^=670-2/». 



I 





„ 












/■ i, 


^, 


/.' A, a. 


a. 




30- 


751-0 




650-4 


-223 

■*''-ni 

■296+ \ 
■301+ I 
-804+ f 
•305+ J 
-305 I 
•303 • 

-294- I 

'2*= 12 
-373 '2 




28 
24 
20 
16 
12 

8 
+ 4 


- 4 

8 
12 
16 
20 


"»■* 50-2 
670-2 ;S.,-H0-5 
630-5 fl+ 8-1 
598-9 -»!.S 6-2 
573-5 '"+ 5-0 
553-1 ;„.,+ 4-8 
537-0 !°.'-f 3-7 
524-6 ,.|■^ 3-3 
515-5 „i+ 2-9 
509-3- lU 2-6 
505-7- ?'-!- 2-6 
504-7^ ;."-f 2-5 
506-2+ !.;+ 2-5 


63G-1 

612-2 f°.,-f4-2 
592-5 "'-1-2-9 
575-7-;;.! -1-2-1 

561-0 ::.,-n-5 

547-8- ».2+ 1-1 
535-7 ;,.|-H-0 

524-6 ;;.;-fo-9 

514-4_|J.J+0-l 
504-3 S.!-^0-4 
494-6" q,l-f0-2 
485-1 ,.>0-l 
475-7 „.;-0-2 
466-1" Qi-0'2 
456-3 ,„."-0-5 

435-2-'°' 




24 


510-2+ " + 
516-8+ lU 
525-9 + ^. J -h 

552-8 


2-fi 




28 
S2 
36 
40 


2-5 
2-9 
2-9 
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= 7-2435 - 0-12J5 = 7-1220 = R^ ^, 

«„Bec24° = 6W6,»„ = 592-5, and i'„=630-5/.ii.&c. 

To teat the accuracy of the calculations as we proceed we 
difference the values of r, w, and also 7 when calculated, as 
in the above Table, 

123. It ia convenient to find by iDtci-polation valaes of v J 
corresponding to = 2G°, 22° &c. Thus we obtain 



751-0 



These interpolated velocities may be used as guides to the 
proper values of K-^g to be used in calculating Aa-, Av and 
*(to 

124. We must now proceed lo find w„, and thence 7, 
Air, Ay and A( for each arc. Here 

/]00Q\' _ /lOOOy Kf^ 

"(^1) +2-519 X-561SX 1-74545, &c. 

07= (77;^^) 1 ^^^ tlitin Ax, Ay and At may be 

found for the arc (30°— 28°), and so on for the remaining arcs 
of the trajectory. We thus obtain IJie columns headed Ax, 
Ay and A(, which are also to be difl'erenced as the work 
proceeds to lest their eorrBctness. Afterwards the columns 
X, y and t are found by addition commencing from zero at the 
vertex in each case, as in the table following : 
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6074 
5481 
4426 
3506 
2686 
1941 
1253 

610 


586 
1155 
1713 
2266 
2820 
3380 
3951 
4540 
5154 
5800 


» 


+ 1 
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125. We migbt now find the range, time of Sight, final 
Telocity and angle of descent on a liorizontal plane, a given 
diatance above or below tbe muzzle of tiie gun. But we can 
derive other important results from the calculations already 
made, which will be of great service when we come to the 
systematic calculation of Range Tables. Any point in tbe 
trajectory may be considered to be the point of projection, 
provided the shot be supposed to be projected with the 
velocity, and in the direction of the tangent to the trajectory, 
at that point. We shall, therefore, suppose that shot are fired 
at elevations of 0, 4*, 8°, 12°, Ac, with muzzle velocities 
537'0, 553-1, 573-5, &c., /.« respectively, and find their 
ranges, &c., on horizontal planes 6-5 feet below the points of 
projection. It will be advisable to find by interpolation the 
values of as, y', t' and v' in the descending branch for values 
1°, 2°, 3°, &c. of ^'. The following is small portion of such 
a table : 



\ 



507'9 ,., 
5°5'o 1.2 
610-2 ' ' 



2820 + 139 
=955 140 
3099 140 
3239 141 
3380 "' 



Hit 55-0 ' 

603-4 KQ.l 3 

661-5 
722-7 



61-2° 



5"-644 

5-937 .296 

I''" -299 

6 la •'» 



126. "When tbe gun is supposed to be elevated 20° above 

the horizon tbe corresponding muzzle velocity of tbe shot ia 
630-5/.S (122). The shot rises 6G4-O+G-5=e70-5 feet above the 
borizontal plane on which we desire to find the range, &c. 
By the help of tbe above table we find that when tbe shot is 
moving in the descending branch of the trajectory in a direc- 
tion inclined to the horizon at 23°, it has fallen through a 
vertical height of filU-S feet, and when at 2-1°, it has fallen 
through a vertical height of 722'7 feel. We desire to find 
<l>', x', t\ v corresponding to y' = G70'5. Hence 

4>' =23° + {670-6 - 6G1-5] -^ 61-2 X 1' = 23° + 9°-^ 61-2 = 23°-15 ; 

x' = 3239 + (9 ^61 -2) X 141= 3239 + 21 =3260 feet; 

i = 6"-532 + (9 -h 61-2) x 0"-301 = 6"-532 + O"-044 = 6"-576 ; 

V' = 509-0 + (9 -^ 61-2) X 1-2 = 509-0 -f 0-2 = 509-2/.9. 
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129. LaBlly we will find «„ mid v'^ by tlie formula A {1 14). 
The initial velocity ia 751/.*, and we are certain tbat this will 
be very miicb reduced when it reaches the vertex of the 
trajectory. We will assume K-r g = 2005, which correBponda 
to a mean velocity of 640,/;». Substituting in formula A (114) 
■we find u„ = 5285/s a first approximation. By the help of 
the table of values of 2[ir-rj), we find the mean value of 
K-^g between velocities 750 and 530 /.« =2-946. This givea 
ii'„ = 5274/'.«. a second approximation. The mean value of 
K^g between 751 and o21-4/.s will bo found to be 2'951. 
And it has been found tbat 

K'rg = 2-906 gave u^ =528'5/.s, 

and ff^l7 = 2-94G gave u'„=527-4/s, 

+ -041 gave - 09 

Therefore + '005 would give — O'l, 

'.firH-3' = 2'95I would give «„ = 527-3. This givea 7=0-2428, 
^„ = 6023-0 feet, ^v„ = ■ ^f>2-2 feet, and J,, = 10"-360. 

For the descending branch mean value of K-^g between 
velocities 527 and bmf.s will be found to bo 3*554, which 
givea 7 = 0-2925 and 

„ir„= 5218-3 feet; ^3„ = 1779-8 feet ; and „'„= lO"-837, 
„3;„ = 5378-0 „ ;^„=1898-0 „ ; /„ = 11*203. 

The vertical lieight through which the ^.rojectile has to 
descend is 18S2-2 + 65 = 1868-7 feet, from which consideration 
Ve obtain, 

(^^.„= 5338-4 feet; ^„.„ = - 1868-7 feet; and „ii^.„ = H"-1I2, 
and 

= 6023-0 „ ; ,^^„ = + 1862-2 „ ; and „(„ = 10-369. 
Beoce X = 1 1361 feet = 3787 yards ; y = - 6-5 feet ; 
and T = 2r'-481. 

130. A somewhat more accurate result would have been' 
obtained if the descending branch had been divided into two 
aections at the point where v is a minimum. Differentiating 

w"' = Uj"' {1 + 7 (3 tan ^' + tan'i^') j 

u"* = w,"° [cob'^'+ 7 (3 8in^'coa'0'+ sin'i'Jl, 



122 SUPPLEMENT TO A TREATISE 

we find tanai^' = 27= 0-582 = tan30° nearly. Or the descond- 
ing braucb may be divided into two arcs, to — 15°, and 
-J 5° to -37°. 

131. On sending in my report on tbo additional ex- 
periments 1878-9, undertaken to determine tbe reBistflnce of 
the air to projectilea moving at very high and very low 
velocities, some range tables of the 6'3-inch howitzer were 
forwarded to me from Woolwich because they appeared to 
ahew that my coefficients did not give the same final velocities 
SB were recorded in those range tables. But as those were 
cases were the muzzle velocities were foio, and the elevations 
were often high, the trajectories of the shot were mostly 
much curved, so that the general tables connecting v, s and t 
did not apply. I therefore decided to calculate the tra- 
jectories carefully, so as to compare the results of calculation 
and experiment for low velocities in a thoroughly satisfactory 
manner in this case, which was not of ray own choosing. 
The range tables were arranged to shew what elevation must 
be given to the howitzer m order to obtain ranges of 400, 
500, 600, &c., yards with charges of 1, 2, 3, 3j, SJ, Sj and 
4 lbs. of powder. But it was easy to deduce from these 
tables the ranges, times of flight, final velocities and angles 
of descent for elevations of 5°, 10°, 15°, 20°, &c-, corresponding 
to the various muzzle velocities given with each of the 
specified charges, 

132. In these calculations w = 70lbs.; d=6'27 inches; 
and rf'-i-wi^O'SSie. The calculatiou of the velocities com- 
menced from the vertex with values of "^=100, liO, 180, 
220.. .700, 740/.S. The formula used was 

.He = .fltf^ coa= B«^ ± — {F^ - P.) COs'jS, 

where it is manifest that — (P — P„) eos'/S having been cal- 
culated for one trajectory at intervals of 5°, the result would 
be applicable to all the other trajectories to be calculated. As 
has been explained (126) the ranges, &c., were calculated for 
each of the above specified values of u^ for elevations of 
5°, 10°, IS",. .45°. 

133. Afterwards values of v„ Hj., T^nd ^\ were arranged In 
tables where Wj, was the argument. Then seven intermediate 
values of these quantities were found by interpolation. The 
same thing was done with v,(„ H,„, T,^ and "fj,^, and so on for 
elevations of 15°, 20°,. .45°. 
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134. It is easy to find from tliis Tabic tbe range, &c. of tlie 
S'3-inch howitzer correspoDding to any muzzio velocity 
between 3G0 and 500/s for an elevation of 30°. Fop 
instanco, auppose the muzzle velocity given Is 450f.s, a, 
velocity not found in tbe Tabic. We must, tberefore, moka 
use of proportional parts. 

The muzzle velocity is 

(446-2 + 3-8)/». 
The range R is 

1596 + 48 X (3-8 -i- 7-6) = 1596 4 24 = 1G20 yards. 
The time of flight T is 

I3"-47 + -22 X (3-8 -=- 7-6) = 13"-47 + 0"-ll = 13"-58. 
The angle of descent 4>' is 

32°-85 + -09 (3-S -^ 7-6) = 32°-85 + 0°-05 = 32°-90. 
And the final velocity v' is 

390-1 + 4-9 (3-8 -=- 7-6) = 390-1 + 2-5 = 392-6/s. 
And the hke may be done with the other tables for 
elevations of 6°, 10°, &c., which will be sufficient when tha 
object 13 merely to compare the results of calculation with 
those given in Range Tables. 

135. But if the object be to calculate the elevations to be 
given to the gun, with a known muzzle velocity, in order to 
obtain ranges of 400, 500, 600, &c. yards ; first find, as above, 
from the Tables calculated, the llanges, &c. for elevations of 
0, 5°, 10°, 15°, &c. corresponding to iho given muzzle velocity. 
ThcD find the like quantities by interpolation fur elevations 
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25S5 118 

Hi 113 
,1,. 1»8 
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3473 '" 


■ 2 28 1 
■2-99 70 
■3-69 ,0 

15 -08 „Q 

Til ^ 

■6 -43 CT 
■'■" 66 
IM2 <'^ 


la ■^ + 1-31 

10 95 1.3] 

ir.'' J-31 
11 -11 i|i 

24-19 .3 

'A'l° 1-31 

8 l-iil 
'" " 1-31 

29-43 ;.,; 
30 -74 1 "1 


693 

581 g 
57S 5 
570 I 
566 * 
562 ^ 
558 * 

552 3 
550 


1 


^ -^H^^IHIHI 


k 



1 


ON THE MOTION OP PRUJECTILES. 125 

of 1°, 2°, 3°, &c. It win then be easy by tho use of pro- 
portional parts to find tlie elevations to be given in order to 
obtain any possible range. Thus suppose the muzzle velocity 
of tha 6-3-incb howitzer to be 751/.S, then we obtain from tho 
Tables already calculated the values of B, T, <I>' and v' corre- 
flponding to *=... 15°, 20°, 25°..., and interpolate, aa in the 
preceding table. 

136. We can now calculate *, t, *' and v", correaponding 
to ranges of 2500, 2600, &c. yarda, and we obtain for v=75I/.«, 






A 


* A 


T A 


«' A 






2500 
2600 
2700 
2800 
2900 
3000 
3100 
S200 
3300 
3400 


16-97 « 

17-86 .»; 

18-78 .f 

19 -74 , „; 

20-74 S 
21 -80 ! ?° 

22 -91 ;:" 

24 -11 ' ''" 


^■^ i 

14 -23 :" 

14 -89 .f. 

15 -69 ,™ 

16 -30 ." 

" ■«* -80 

17 -84 "" 


"- : 

22 -59 Jil 
26-54 ;.™ 

28 -00 ; ™ 

29-68 1«8 


591 , 
686"; 
581 ? 
576 § 
571 I 
567 I 
563 I 
669 i 
655 J 
552 ** 


1 


which may be compared with tbc Range Table for a charge 
of ilbs. given in Instructions for Field Service, 1879, p. 103. 

137. In this way numerous comparisons of calculated and 
experimental ranges, &c. for low muzzle velocities, have been 
made by the help of Range Tables, both English and 
German, (100). Considering all the uncertainties which 
attach to such Tables, the results appear to be aa satisfactory 
as could be reasonably expected. 

138. If it had been desired to provide means for the ready 
preparation of theoretical Range Tables for any practical 
value of (? -H «i whatever, then it would be necessary to 
calculate sets of Tables, for values 0-1, O'S, O'S, &c. otd'^w, 
such as we have calculated for (f ^w = 0*5616 ; or. with a 
view to utilise the work already done, tf -^ w might oe taken 
equal 0-5616 ± 0-2000 xn. The trajectories were calculated 
by arcs of 5°, but the results would have been a trifle more 
precise, and the interpolations much siiuplitiod, if arcs of 4 
bad been used. 
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139. Inaamuch as the anit of the ralue of K depends upon 
Bomething like the 1-lOOOOOth of a second (105), it was, 
perhaps, necdleas to express its value to one place of decimals. 
This affords an additional explanation of the observed fact, 
that a small error in the numerical value of K does not 
produce errors of much importance in the calculation of 
trajectories in practical casea. In the reduction of the 
experiments and in the calculation of the Tables, the Arithmo- 
meter of Thomas {de Colmar) has proved a most valuable 
assistant. 

140. In making sjatematic calculations of trajectories 
printed forms were found of great assistance ; and the recent 
mvention for producing manifold copies of writing renders it 
eaay for any one to prepare his own forms. Tables of five 
figure logarithms are quite sufBcient for these calculations, 
while Tables of/our figures may bo used for many purposes ; 
ftod some proportions can be worked by the slide role with 
snfficient accuracy. 

Supplementary Tables. 
Tables printed 1877. 

A. Continuation of Table VI. for values of 7 = 51 to 7 = 100. 

B. Continuation of Table A from 7 = 100 to 7 = oc . 

C. Tables of values of -£"„ K, -=- g, &c. {This Table, as well 

as Table I. are now superseded by Table H.) 

D. Table of values of JP^ for every tenth of a degree from 

to 21°. 

E. Table of values of [v versin t^) useful in calculating u from 

a given value of v aod ^, or v from a given value of 
u and ff) without the use of logarithms, uius 

M = i) cos ^ = v — i; vers 1^ (1), 

and i) = u4-v vers0 = w+(a + f vers0)ver8^ 

= u+u vers 0+(uver30)vers^ nearly.. .(2). 
Example (71) 

« = 1335 - 1335 Ters5'= 1335-0 - 4-95 - -13 
= 1335-0 -5-08 = 1329-9. 
Again V, = 13299 + 1329-9 vers5° 

+ {1329-9 vers 5°]TerB5° 
= 1329-9 + 5-OG + 5-OG vera5° 
= 1329-9 + 5-06 + 0-02 = 1335-0. 
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Example. u,j= 1450-1450 vera I5°=1450-49-4=1400'6. 

Agiun !)„= 1400-6 + (UOO-6) verBl3° 

+ (1400-6 reral5°) vera 15° 
■ = 1400-6 + 47-7 + 47-7 vers 15° 

" » 1400-6 + 47-7 + 1-6 = 1449-9. 

F. Table of vakea of [1000 ^ v}' for velocities 500 to 2000/j. 

G. Table of heiehta in feet, through which a body would 

descend wnen falling freely from rest under the action 
of gravity in the latitude of Loodon in the speclGed 



Tables printed in 1881. 

H. Tables of values of ff,, ff„ -^ g, log K, -i- g, and 2 (iT, + g) 
for velocities 100 to 2800 /.a for ogival-headed projec- 
tiles, to supersede Tables I. and U. 

J. Table of values of B^ = (1000)' 2 ([(« - l^-v^^^ -5- K^], 
where the variation in the density of the air may be 

taken into account by writing — (l±qKj foi" —in 

equations I. and 11. (117) just as in (103). 

K. Table of values of [1000 -^ v]' in continuation of Table F. 

L. General Table of values of T, for u = IOO to 2919/.a 
to supersede Table IX, 

M. Croneral Table of values of S„ for a = 100 to 2919/j 
to supersede Table VIII. 

In Tables L and Bl the tabular numbers T, and 3, are now 
arranged to increase with v, for it ie a convenience to have 

Sv, ST and B8 all of the same sign. -~l=T^-T and 

—«=£!, — S^, where the velocity of the projectile falls from 

T to V in the time t and space s (79). 

N. Table of values of log(P*-Pf ,), log{P#-i^J and 
^ log (P*-P, J. 

• O. Table of values of logcos'0. 
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141. The Committee on Explosives appear to have 
brought tbcir labours to & conclusion. Two tormer membera 
of this Committee, Messrs, Abel and Noble, bave contributed 
to the Transactions of the Royal Society (1875) some 
Researches on Fired Gunpowder, based on results said to 
have been arrived at by the CommlUee. But I believe 
that the details of the esperitnents from which theae results 
were obtained have not yet been published. On this point 
the authors remark that they have not space within the 
limits of their paper to enter upon a discussion of the 
methods of calculation and correction necessary to arrive at 
the results tabulated. Notwithstanding this missing link, 
the Royal Society have considered the paper of such high 
importance that they have honoured it with two royal 
medals, one to each of its joint authors. When conferring 
the second medal, the President of the Royal Society 
referred to the beautiful invention of the Chronoscope, 
"by which intervals of time as small as the one-millionth of 
a second can he measured,"! {Nature. Dec, 9, 1880, p. 139). 
A reference to the paper commended would have shewn 
that its authors allowed tliat iu reading a single record 
there would be a probable error of 4 or 5 milliontha of a 
second, even when the instrument was in good working 
order. But this high degree of accuracy could only be 
attained by cutting all the primaries as nearly simultaneously 
as possible, which is no test whatever of the accuracy of the 
instrument when applied to any useful purpose^ as I have 
already shewn (9) to (19). The cutting plugs, the toothed 
wheels, and the stop clock are all lef^ out in that method 
of " testing," but they are all essential parts of the 
Chronoscope. The only way to test the power of such an 
instrument is to employ it in the actual experiments for 
which it loas designed, to apply the necessary corrections, 
and to give the results of numerous trials. It is obvious 
that the cutting plugs would fall grievously during the 
initial motion of the shot, which is the most trying time 
to the gun. 

142. Messrs. Abel and Noble direct attention to two 
consecutive rounds fired from the 10-inch gun. In both 
cases the shot quitted the gun with the same velocity. 
The chronoscopic records were nearly identical for tiio two 
rounds. But tne pressures indicated by the gauges difiered 
widely. The pressures on the plug A, were 63'4 and 
28-0 tons per square inch; at S, 41-6 and 298; at C, 37-0 
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rand 30; at 1, 41-9 and 29-8; and at 4, 25-8 and 19-8 
respectively. Although it may be readily admitted that 
the pressure of the gas at any moment would he greater 
against thejixed parts of the gun than against the moving 
shot, it is difficult to understand how it was that the shot 
did not show, in some more marked manner, the excessive 
variation of the pressure inside the bore. But the obvioua 
^L conclusion ia, that the pressure of the gas on the base of 
H & shot is no measure of the pressure it exerts on the bore 
V of the gun. Therefore, as tbe Chronoscope, at tbe most, 
can only determine the motion of the shot, and through 
that the pressure on the shot, it can be of no use in finding 
the stress of fired gunpowder on the gun, except in simple 
cases of no real importance. 



I 



143. Under these circumstances it might have been hoped 
that this powder question, after an agitation of some fifteen 
years, was at last satisfactorily settled. But Sir W. Armstrong 
complains that his 100-ton gun bad failed, although ita 
calculated strength at the point of fracture was far in excesa 
of what a legitimate pressure would demand. And on the 
I6th March, 1880, he declares that " Nothing, in fact, wants 
investigation so much as this powder question, and until 
we arrive at more dejimte conclusions, we cannot hope to 
be altogether free from accident." (Proceedings of the 
B. A. Institution, July, 1880, p. 197). 

144. We may accept the doctrine that there is a 
I considerable variation in tbe pressure exerted by exploding 
I powder on the bore of a gun, according to the nature 
I of the powder used, or to tbe manner in which it is tired. 
[ Sir W. Armairong says that " with only 5 lbs. of this smaller 
\ powder (R.L.G) mixed with 100 lbs. of pebble, tbe pressure 
Ion the crusher gauges rose to 30 tons, the velocity of the 
I projectile remainmg almost tbe same ; so that the extra 
1,12 tons was all wave action,''^ (p. 196). Without entering 
I into speculations about " wave action" the simple fact see ma 
I to be that the use of a small quantity of fine grained powder 
I causes the pebble powder to explode more rapidly at first, 
I and consequently the pressure rises much higher tlian when 
K pebble powder is used by itself. Anything which retards 
I the initial motion of the shot, or promotes the rapid explosion 
I of tbe charge, must commonly have tbe efi'ect of increasing 
L^e Btress upon the gun. 
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145. Now it appears that, to be perfectly BatiBfactoir, 
giina should be conslructed of strength sufGcient to reeiet 
not only normal but all abnormal pressures, except those which 
arise from aome Buch cause as double loading. The experi- 
ments should be therefore siniplitied and confined to attempta 
to measure the maximum pressures exerted by the varioua 
powders in and about the powder chamber; and it seems 
probable that prcseure gauges, used with new precantions, 
would suffice for this object, white the Chronoscope should 
be rejected as a troublesome and useless encumbrance. 

146. The copper cylinders used in the crasher gauges 
should, in the first instance, be compressed up to at least 
one-half of the pressure expected at the various points where 
they were to be used. This would test their quality, and 
save much useless work tbat otherwise would have to be 
done by the powder. After the gun had been fired once 
I would lake out the coppers and carefully measure the 
length of each, and then return them to their former places, 
and fire the same charge and shot a second time, and 
afterwards measure the lengths of the coppers as before. 
This operation might be repeated till the coppers ceased to 
contract in length. In order to determine the pressures to 
which the coppers had been subjected, I would submit them 
to actual pressures, beginning with something below what 
their lengths seemed to mdicate, and then test their lengths. 
If they did not contract, I would go on augmenting the 
pressure by equal increments till the copper plugs began to 
shew signs of further compression. In this way very near 
approximations to the maximum pressures in the bore of the 
gun would probably be obtained. Afterwards the same 
coppers might be used in the same plugs in experiments with 
a mixture of a small quantity of more rapidly exploding 
powder, or with charges altogether more violent. When a 
crusher gauge is inserted in the base of a shot care should be 
taken to arrange it so that the piston would not strike a blow 
on the copper cylinder when the shot was brought suddenly 
to rest. 

147. As a matter of course the velocity of the shot should 
be measured near the gun by some perfeclly trustworthy 
instrument. The Boulcng^ Chronoscope appears to be found 
convenient in use, and when in good working order, it gives 
satisfactory results. For during the progress of our recent 
experiments the velocities of the shot were measured by the 
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Bonleng^ inatruraent. For three comparisons in rounds 469, 
470 and 472 the differeocea of the velocitieB given by the two 
instruments were 0, 0, and -i- 1, But in round 46S two com- 

farisona were obtained with differences +28 and ~61/.s. 
am disposed to think that the working of the Bouleng^ 
ehronoscope would be made more uniform (1) if some kind of 
a galvanometer was used, [2) in conjunction with the form of 
Bcreen shewn in fig. 20, which would secure galvanic circuits 
of constant resistance. (Final Report, p. 8], 

148. Of late, guns of large calibre have been provided 
with a powder chamber of greater radius [E) than that of the 
bore of the gun (r). It is evident that, for a given charge 
and shot, this arrangement would give the shot a longer 
portion of the bore to be propelled through, and that the 
powder, being formed into a thicker and shorter cylinder, 
would explode more rapidly. The consequences to be 
expected would be an increased muzzle velocity and a greater 
strain on the gun, even supposing that the gaseous pressure p. 
denoted by the crusher gauge, was the same in a chambered 
and in an unchainbered gun. For the ratio of the pressure of 
the gas tending to burst the powder chamber to that tending 
to burst the bore of the gun would be as ^ : r. In a gun of 
uniform bore there is little longitudinal tension on the steel 
tube except that due to rifling and the friction of the shot 
which is nut trifling. But when a gun is chambered the 
longitudinal tension on the sides of the powder chamber 
becomes tt [M' — r') p, in addition to that which existed in the 
unchambered gun. And the scooping out of the powder 
chamber causes a great variation of thickness in the steel just at 
that point where the forces acting upon it are likely to vary 
so much. 

149. It has been stated that the Italian 100-ton gun failed 
because "the steel tube parted at the base of the conical 
portion connecting the powder chamber with the bore," which 
IB just the place where the gun might have been expected 
to fail, if it failed at all. In this case E = 9-85 and r = 8-86 
inches. So that'the ratio of the force tending to burst the 
powder chamber to that tending to burst the bore would 
be as 9'85 : 8'86, supposing the gaseous pressure p to be 
the same in both places. And the increased longitudinal 
tension on the powder chamber, entirely due to chambering 
would hair(E^-r')p^5S-2j> = UU tons, if ^ = 20 tons per 
square iocb, and so on in proporllon to p. This is quite 
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sulEcieat to explaia the tearing asunder of the coila. The 
chamber is reported to have been extended as if - by an 
extraordinarj pressure. 

150. la consequence of recent improvements in the 
manufacture of steel shot, Krupp has succeeded in firing 
an ogival-headed shot through '20 inches of iron plates, 
the shot preserving its form, and retaining sufficient velocity 
to carry it aoOO metres beyond the iron plates. It therefore 
appears, that now experiments might be undertaken with 
some prospect of success, to determine the laws which govern 
the perforation of iron plates by steel shot with any given 
form of head, provided only the velocity of the shot could 
be measured satisfactorily just before and just after impact. 
If the material of the shot and of the iron plates could be 
considered uniform, there would remain as variables the 
weight, diameter, and velocity of the shot, and the thickness 
of the iron plates. Experiments on a small scale could be 
made to yield valuable results. 

151. The investigations of Trajectories, &c., contained in 
this work, suppose that the shot moves In the vertical plane 
passing through the direction of projection, and therefore 
they apply stnclly only to the motion of spherical shot. 
One effect of the resistance of the air on rotating elongated 
projectiles is to draw them slightly from the vertical plane 
of projection as explained already (73), and also to affect, in 
some measure, their ranges, &c. I must refer the reader 
for information on these points to Saint-Robert, Mimoirea 
Sdenlifiques. Balistiqiie,'p.nS; toMayevski, Trait4 de Balis- 
tigue,p. 154; and to several papers by Professor Greenhili 
in the Froceedings of the Royal Artillery Institution^ Woolwich, 
vol. X, p. 57T, and vol. xi, pp. 119, 12i, and 131. 
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2.162 


16.54 


1470 
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71.0 
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59 iS 


J 


018 


183.85 
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2.49S 
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8J.9 
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88.2 
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33-59 
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93-8 
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92.8 


1.74 


2.883 


36-47 
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930 
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2 
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97.Z 
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3019 
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92.2 
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42.62 
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91.4 


6575 
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103-4 


1475 


3.212 


45-S4 
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90.6 
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1 


S14 
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105.1 


1 581 


3.265 


49.10 


1590 


89-8 


6756 




790 


209.86 
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106.0 


1687 


3-293 


52-39 


1600 


89.1 


6845 


2 
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212.63 






1110 


106,6 


•793 


3.3" 


55.71 


1610 


88.4 


6933 


2 


746 


215.38 








107.1 
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3.327 


59.03 




87.8 


7021 




727 


218.10 






1 130 


107.5 


jooS 


3-339 


63.37 


1630 


87.1 


7108 


2 
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220.81 
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107.9 


2116 


3-35' 


65.72 


1640 


86.5 
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223.50 






1150 


IOS.2 


2224 


3-36' 


69.08 


.650 


85.9 


7280 




668 


226.16 






1160 


108.5 


2332 


3.37' 


72.46 


1660 


85.3 


7366 


2 


650 


228.81 
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IOS.7 


2441 


3-377 


75-83 


1670 


84-6 


7450 


2 
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231.44 
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108.9 


2550 


3.38' 


79.21 
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84.0 


7534 




609 


234.05 
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■ o3.9 


2659 


3-383 


82.60 


1690 


83.3 


76.8 


2 


588 


236.64 








108.9 


2768 


3-383 


S5.98 


1700 


82.7 


7700 




569 


239.21 
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2877 


3-383 


89-36 


1710 


82.1 
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241.76 








108.9 


2986 


3-382 


92.74 


1720 


3..S 


7864 




532 


244,29 
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ioS.g 


3094 


3-381 


96.13 


1730 


80.S 


7945 


2 
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246.80 






1340 


108.8 


3203 


3-380 


99.S' 


1740 




8025 
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249,29 
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108.7 


33' 2 


3.378 


102.8S 


1750 


79.6 


S,o5 


2 


473 


251.76 






ii6o 


108.6 


3420 


3.375 


106.26 


1760 


79-0 


8184 


2 


454 


254,22 
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108.5 


3529 


3.370 


109.63 


'770 


78.4 


8262 




435 


256.65 
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3637 


3.364 


112.99 


1780 


77.S 
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2 
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3853 
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76.6 
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3961 


3.345 
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3.337 


126.38 
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75.5 
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2 
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2 
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106.4 


4389 


3.305 
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73.7 
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2 
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1360 
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4495 


3-293 


'39-63 


i860 


73-' 
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105.6 


4600 


3.280 


142.91 


1870 


72.6 
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2 
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280.01 






1380 


105.1 


4705 


3.265 


146.17 
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72.0 


9086 


2 


237 


282.24 






1390 


104.6 


4810 


3-249 


149.42 


.890 


71.5 


9157 






284.46 
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4914 


3.231 


152.65 
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70.9 


9228 


2 


202 


286.67 
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(F) Table of Values of [iooo -^ v]' 




V 

f-i 


« 


. 


' 


3 


4 


5 ' 6 


7 


3 


9 


500 
Sio 
SJO 


8.0000 
7. 5386 
7.1120 


•9522 

4944 
0711 


4506 
OJ05 


•8577 
4071 
•9903 


•Si 10 
•9503 


'7647 
3211 
•9107 


•7:88 
2787 
'8714 


•6732 
2365 
'8323 


•6280 
'947 

•7936 


'583' 
'532 
•7551 




S30 
54° 
5S0 


6. 7170 
6. 3507 
6. 0105 


679' 
3'55 

"9779 


'9454 


6042 
2459 
•9.32 


•8813 


5304 
'775 
•8495 


4939 
1436 
-8i8o 


4577 
*786^ 


4217 

0766 
■7557 


38G1 
0434 
•7249 






S6o 


5.6942 

s- 3998 

5- '253 


6638 

SI 


6337 


6037 
3'54 

0465 


5739 
2877 
0207 


5444 
2601 
'9950 


5'5' 
2328 
•9694 


4S59 
2056 
•9441 


4S7'5 
.786 
•9.89 


4283 

•8939 






S9< 
6oa 
6io 


4.8690 
4.6296 
4.4057 


S444' 8199 
6066 5S36 
3S41 3626 


7955 
5609 
34'3 


77 '3 
5383 
3201 


7473 
5' 58 
2991 


723s 
4935 
27S2 


6998 
47 '3 

2574 


6762 


6529 






6s 
63c 
64( 


4- '959 
3.9992 
3-8147 


1757 '55^ 
9803 9614 
7969 7792 


.356 
9427 
7616 


"57 

9240 
7441 


0960 


0764 
887. 
7094 


0569 
8688 
6922 


0376 
8507 
67s. 


0.84 
8326 
6582 






650 
660 
67c 


3.64J3 
3-4783 
3- 3249 


6246 6079 
4625 4469 
3100 2953 


5914 


1 


5586 

4004 
2515 


385^ 
237' 


5262 


2086 


4942 
3398 

'944 






680 

690 
700 


3.180J 

3.0441 
2-9155 


1663' 1524 
0309 0177 
9030 . 8906 


13S6 
0047 
8783 


'249 
•9917 
8660 


•9788 
8539 


0976 
■9O60 
84.8 


0841 
*9533 
8297 


0707 
•9406 
8177 


OS73 
*928o 
8058 






710 

7M 

73( 


i-7 9399 
2.67918 
2.5 7058 


82 »2 7051 
6805 5698 

6005 4957 


5S87 
4597 

39' 5 


4730 
3502 
2879 


357B 

24.3 
1848 


2434 
'33' 
0823 


1295 
0254 
•9803 


0163 


•903S 
•8ii8 
•7780 






740 


3.46777 
i-3 7037 
i.z 7803 


5779 4787 
6092; 5151 
6906 6014 


3S00 
42:5 
SI 26 


2818 
32S5 
4244 


1842 
2359 

33''S 


0870 
143S 
2492 


♦9904 

'.III 


•8943 
•96" 

0758 


•798S 
•8704 
•9S9B 






77c 
780 
791 


1.19042 
z.i 0725 
3.02824 


8191 7344 
•99'7;9'i2 
2056 1291 


6502 
•33.2 
0531 


5664 

;75'6 

'9774 


4830 
•6724 

V2i 


4001 
*5936 
•8272 


3'75 
•5.52 
*7526 


^354 
*4372 
'6785 


•6047 






8<M 

81c 
810 


>-9S3>3 
1.8 8168 
..81367 


45Si 3855 
7473 1 15781 
0705 0047 


3132 
6092 
•9391 
300S 
6924 


2412 
5407 

•8739 

238Ci 
633' 
0556 


.696 
4726 
•8089 
1767 
,5741 
•9993 


0983 
4047 

•7443 
1153 
5154 

•9433 


0274 

4S.', 

°539 


•9568 
2701 
•6161 

5 


•8865 
2032 

•5524 

•9322 
3409 

.7769 




830 

840 
850 


1.6 2833 


2260 


3632 

75 '9 
1689 




36c 

870 
SSo 


■ .57219 
1.5 ,860 
M6741 


6672 

'337 
6242 


6.27 
OS. 7 
5745 


5585 
0299 
5251 


5°45 
*97S4 
4758 


4508 
•9271 
4268 


3780 


•8252 
3294 


8912 

•7746 
28.1 


238s 
•7243 
2329 






890 
900 
9" 


1.4.850 
'■3 7 '74 
1.3 2701 


'373 0898 
671 8 6264 
226S .830 


7^1 

.398 


0967 


*9486 
49' 3 
0538 


9020 
4467 


*8555 
4022 
•9686 


•8093 
'9262 


•7633 
3140 

•8841 






92C 

930 
940 


..»842i 
1-24323 
1.20397 


8003 
3923 
0014 


7587 
3524 
.9632 


7173 
3127 
•9252 


6761 

•mi 


6350 
2339 
•8496 


5941 


5534 

■557 
*7747 


5.2S 

1169 
•7375 


4725 
0782 
•7004 






950 
96c 
97c 


i.i 6635 
.1 3028 
1.09568 


6268 
2676 
9230 


5902 


5537 

SI 


5'74 
.627 
8224 


48 '3 
12S0 
7891 


4454 
0935 
7560 


4095 
059' 
7230 


3738 
0249 
6902 


•9903 
6574 

\ 
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r — -- 


P=^ 


"^ 


'']' 


5 


6 


7 


S 


9 




99* 


i.o6mS 
1.03061 


S914 
2749 
•9701 


2439 
•9402 


5278 ' 4958 

2.30 t822 
'9105 '8810 


4638 
'8515 


4320 

•822, 


4004 
0905 
•7929 


3688 
0602 

•7638 


3374 
0301 
'7J48 




lOlO 

1030 


0,9 7059 
0.9 4233 
).qlSI4 


6771 
3956 
1249 


648s 
3680 
09S3 


6199 
3406 
0719 


5916 
3'32 

0456 


5632 
0194 


5350 
25S9 
•9934 


5069 
2319 

•9673 


4789 
2050 

•9414 


4S"*> 
.781 
'9>S7 




1040 
1050 
106c 


3.88900 
3.86383 
3.8 3962 


8644 
''I37 

3725 


8.188 


ST35 
5648 
3^53 


7882 
5404 
3019 


7630 
5.6, 
278s 


7378 

4920 

2552 


7128 
4679 
2320 


6879 
2089 


663. 

4200 

,859 




1070 
loSc 
109c 


).8 1630 
3.79383 
5.77218 


1401 
9164 

7006 


■ '74 

8944 
6795 


0947 
8725 
65S4 


0721 
8508 
6374 


0496 
829' 

6165 


S075 

5957 


0049 
7S59 
575° 


•9826 
7645 
5543 


■9604 
7431 

5337 




1110 


3-7 5>3> 
>.73"9 

J.71178 


49^7 
09SS 


4723 

2725 
079S 


4520 
3529 
0M.9 


4318 
2334 
0421 


41.6 
2140 
0233 


39'5 
,946 


37'5 

4Ul 


35^6 
•9674 


3317 
1369 
•9489 




1130 

U4D 

1150 


3.69305 
D.6 7497 
1.65752 


91Z1 

7320 
5580 


8938 
7143 
5410 


8756 
6967 
5240 


3574 
6791 
5070 


8393 
6617 
4901 


6443 
4733 


8033 
6269 
4565 


4398 


7675 
5923 
4232 






3.64066 
>.6 2437 
3.60863 


3900 

2277 

0709 


3736 
OSSS 


357' 
'959 
0401 


0248 


3244 
1643 
0096 


3082 
'486 
•9944 


2920 
1330 
'9793 


2758 

"73 
'9642 


2597 
1018 

•9491 




1T90 

HOC 


'.S y34i 
M 7S70 
>.S6447 


9192 

7736 
C30S 


9043 
7582 
6168 


8895 
7439 
6030 


8747 
7296 
589' 


8600 
7'53 
5753 


8453 
701, 
56'6 


5479 


S161 

6728 
5342 


80.5 

6587 
5206 




1230 
1340 


'■S 5°7l 

3-s 373S 

3,5 2449 


4935 
3607 

23Z2 


480. 
3477 
2196 


4666 
3347 
2070 


1944 


4399 
3088 
1819 


4266 
'695 


1570 


400' 
2703 
1447 


3870 
2576 
1323 




■i5< 
1270 


3.5 HDD 

3,4 Qygo 
3.4881.) 


1077 
9872 
S704 


0955 
97S3 
8589 


0833 
9635 
8475 


0712 
95 "8 
8361 


0591 
9400 
8247 


0470 
9283 
8134 


0349 


0229 
9050 
7908 


8934 

7796 




12S0 
1300 


M 76S4 
0.46583 
M5S17 


7572 
6475 
5412 


746. 
6367 
5307 


7350 
6260 
5203 


7239 
6' 53 
5099 


7129 
6046 
4995 


70,9 
5939 
4S92 


6910 


6S0, 
5727 
4687 


458, 




1310 
13ZC 
1330 


1.4 4482 
M3479 
>.4 zjos 


43S0 
3380 
2409 


3282 
2314 


4178 
3'S4 

2219 


3086 
2124 


2989 


3877 
289, 
'935 


3777 
2794 
'84' 


3677 
269S 
174S 


1654 




1340 


Ml 561 
3.40644 
^■3 9754 


14O8 
0554 
9667 


'375 
0464 
9579 


1283 
0374 

9492 


0285 
9405 


1099 
0195 
9319 


1008 
0107 
9233 


0916 

0018 
9 '47 


0825 


0735 
•9842 
S975 




'37' 

.3Sf 
139c 


3.3 S890 
1.38051 

1.3 7235 


796S 
7155 


8720 
7886 
7075 


78^4 
6995 


855' 

7722 

6916 


8467 
7640 
6836 


S3S3 
7559 
6757 


8300 
7478 
6678 


82.7 
7397 
6600 


8134 




(40< 
1410 
1420 


3.36443 
^■3 5673 
3.34925 


6365 
SS97 
4851 


62S7 

5522 

4778 


6210 
5447 
4704 


6'33 
537' 
463 > 


5296 
4559 


5979 
5222 
4486 


5902 
S'47 
44'3 


5825 
5073 
4341 


5749 
4999 
4269 




■430 
1440 
1450 


J.34197 
3.3 3490 
3.32802 


4126 
3420 
2734 


4054 

335' 
2666 


3983 
3281 
2599 


39'2 
3212 
2532 


3S4. 
3 '43 
2465 


3770 
3075 
2398 


3700 
3006 
233' 


3630 
2938 
2265 


2870 
71 98 




1460 
(471 
1481 


'.33132 
>.3 1481 

>.3o847 


3066 
1417 
0785 


'353 

0722 


'935 
1289 
0660 


'870 


1804 
1162 
0537 


'739 
1099 
0475 


1074 
1035 
04,4 


,610 
0973 
0352 


'545 
0291 


k 


52 J 







n 


V 





1234 


5 


6 


7 


8 


9 




iSoo 


.30230 

.2 9630 

.19045 


0169 

9570 
8987 


0109 
95" 

8930 


0048 '9988 
9452 9394 
8872 8815 


992S 
9335 
8758 


9277 
8701 


9808 
9219 

8645 


9748 
9161 
8588 


9689 

SI 




1520 
■530 

1540 


W8475 

1.2 7921 
3.2 7380 


S4I9 
7S66 
7327 


83(13 
781. 
7274 


8307 
7757 
7221 


8252 
7703 
716S 


8196 
7649 
7115 


8.41 
7595 
7063 


3o86 
7541 
7010 


8030 
7487 
6958 


797S 
7434 
6906 






3.2 6854 
3.26341 

D.2 584. 


6802 
6290 

5791 


6750 
6240 
574^ 


669S 
6.89 
5693 


I647 
6139 
5644 


6596 
6089 
5595 


6544 
6oj9 
5547 


6493 
5989 
S49S 


6442 
5940 
5449 


6391 1 
58901 
5401 




1S80 


0-2 5353 
C.24878 
0.24414 


5305 


5357 
4784 
4323 


5209 
4737 
4277 


S>6. 

4691 
4232 


5114 
4644 
4,87 


5066 
4598 
4141 


51319 
455^ 
4096 


4972 
4506 
405' 


49^5 
4460, 
4007 




I6zc 
1630 


0.2 3962 
0.2 35" 
3.23091 


3917 
3477 
3048 


.3873 
3434 
3006 


3823 
339- 

2964 


3784 
3343 


3740 
3305 
2880 


3696 
3262 
2833 


J652 
3219 
2796 


3608 
3176 
2754 


3565 
3133 
2712 




.640 


..22671 

>.2 226l 

1.SIS6I 


2629 
1822 


2588 
2180 
17S2 


2547 
2140 
■743 


2506 
1704 


2465 
.66s 


2424 

Ib26 


2383 
1980 
1587 


2342 
1941 
1548 


2302 
1901 
1510 




1690 


..i 147 
1.21090 
3.2 07 IS 


143a 
1052 
068. 


1394 
1015 

0644 


135<' 
0977 
0608 


13'7 
0940 

OS71 


1279 
0903 
0535 


1241 
0865 
0499 


0S23 
0462 


116S 
0791 
0426 


1127 
0754 
0390 




1700 
17K 

17M 


3-20354 
). 19999 
3.1 9652 


031B 
9964 
96,8 


02B2 
9929 
95S4 


0247 
9S94 
9550 


9859 
9516 


0176 
9825 
9482 


OMO 

9790 
9448 


0105 
9756 
9414 


0069 

9721 

9381 


0034 
9687 
9347 




1730 

174c 
175c 


3.1 9314 
3.1 89g] 
1.1 865? 


92S0 
8950 
8627 


9247 
8917 
8595 


9213 
S8S5 
S5('3 


91S0 
S852 
853= 


9147 
SS20 
850a 


9114 
8787 
S468 


8755 
8437 


9048 


8374 , 


1 


.760 


3.1 834 
>.l S034 
).i 773 


83' 1 

8«.3 
7701 


8280 
7973 
7672 


8249 
7942 
7(-42 


821S 


8.87 
7882 
7583 


S.56 
7851 

7553 


8126 
7821 
7524 


8095 
7791 
7494 


S064 

776. 

7465 


m 


4^ 


3.1 743 
1.1 714 

..1686 


7407 
7m8 
6836 


7377 
7090 


7343 


73'9 
7033 
6753 


7290 
7005 
672s 


7262 
6976 
6698 


6670 


7204 
6920 

6642 


7>7S 
6892 
6615 


Wr 


.833 

.S40 


1.1 658 

3.1631 

3,1 605 


6560 
6291 
6026 


6533 
6264 


6506 
6237 

5974 


6479 
6211 
5948 


6184 
5922 


6425 
615S 
5897 


6398 
6131 
5S71 


6371 
6J05 
5845 


C344 
6079 
58.9 




1850 
i860 

1870 


'." S79 
>.' 5S4f 

).IS39 


5768 
55'5 

5268 


5743 
5490 
5243 


5717 
54^5 
52:9 


S692 
5441 
5195 


5666 
54' 6 
5170 


5<54< 
5391 
5146 


5616 
5366 

5122 


5591 
5342 
5098 


5565 
S3>7 
5074 




18S0 
1890 
1900 


1-1 457 


5026 
4789 
4SS6 


S002 
4765 
4533 


4978 
4742 
45" 


4954 
4718 
4488 


4930 
4695 
4465 


4906 
4672 
4442 


4883 
4649 
4419 


4859 
4626 
4397 


4836 

4602 
4374 


1 


igio 
1920 
1930 


3.1 435 
1.1 412 
3.1 39' 


4329 
4106 
3888 


4307 
4084 
3867 


42S4 
4062 
3845 


4262 
4041 
3824 


4239 
4019 
3802 


4217 
3997 
3781 


4' 95 
3975 
3760 


4>73 
3953 
3738 


4151 
3932 
37'7 


1 


1940 


0.1 369 
>.: 348 
3.1 328 


3261 


3654 
3445 
3240 


3633 
3424 
3220 


36.2 
3404 
3200 


3180 


3570 
3363 
3t6o 


3549 
3342 
3140 


3528 
3322 
3120 


3507 
3301 
3100 


1 


1970 
198a 

199c 


1.1 3081 

3.1 288 

>.l 26S 


3060 
2863 
2670 


3040 
2844 
265. 


3020 
2824 
2632 


3000 
2805 
2613 


3981 
27S6 
2594 


2961 
2766 
2575 


2941 
2747 
2556 


2922 

Hi 


290a 
2709 
2S'9 


k 


^^^^^3 ^^^^^^^^^B^l 



r 






■ 


^^H 


f 




(G) Table of Values of 






' 




h=7, gt'=16.0954 f FEET. 






t 


T 


■^■"" 


.003 


.004 


.ooS 


.006 


.007 


008. 


.009 




Sta. 


F«u 


F«t. 


F«l. 


F™t. 


F«l. 


F«l. 


f«T. 


F<H. 


Fett 






000 


.000 


JDOO 






.000 










m 


O.OI 


002 


.002 


.002 


.003 


.003 


.004 


.004 


.005 


.005 


JOOt, 






006 


.007 


.008 


.009 


.009 


.010 






■o'3 


.014 


M 


0.03 


014 


.015 


.0:6 


.oiS 


.019 


.020 


.021 


,022 


.023 


.024 




0^ 




.027 


.02S 


.030 


■031 


■033 


.034 




■037 


-039 




0.05 


040 


.042 


.044 


.045 


.047 


.049 


.050 


.052 


■054 


.056 






058 


.060 


.062 


.064 


.066 


.068 


.070 


.072 


.074 


.077 




0.07 


079 


.081 


.083 


.086 


.088 


,091 


■093 


.09s 


.098 






0.08 


103 


.106 


.108 


.iir 


.114 


.116 


■ 119 




.125 


!l27 




0.09 


'30 


■'33 


.136 


■'39 


.'42 


■ MS 


.I4S 


■iSi 


■15s 


.158 






161 


.164 


.167 


.171 


■'74 


.177 


.181 


.184 


,188 


.191 






'9S 


..98 


.202 


.206 


.209 


■213 


.217 




.224 


.a»S 




O.IZ 


232 


.236 


.240 


.244 


■247 


.25' 


.256 


.260 


.264 


.368 




0.13 


272 


.276 


.280 


.285 


.289 


.293 


.298 


.302 


■3°7 


■311 




0.14 


J'5 


.320 


■325 


.3*9 


■334 


.338 


■343 


-348 


-353 


.357 




O.IS 


362 


.367 


.372 


■377 


■382 


■3S7 


■392 


■397 


.402 


-407 




o.t6 


412 


■4' 7 


.421 


428 


■433 


■438 


.444 


■449 


■454 


.460 




0.17 


465 


■471 


.476 


.4S2 


■487 


.493 


■499 


■504 


.510 


.S'6 




0.1 S 


S2I 


.527 


■533 


■539 


■545 


■551 


•557 


■563 


.569 


■575 




0.19 


5S1 


.587 


■593 


.600 


.606 


.612 


.618 


■62s 


.631 


■637 






644 




.657 


.663 


.670 


.676 


■683 




.696 


.703 






710 


.717 


■7=3 


■730 


■737 


.744 


■75' 


.75s 


■765 


.772 






779 


.786 


■793 


.800 


.808 


■8.5 


.822 


.829 


■837 


.844 




0.J3 


K51 


■S59 


.866 


.874 


.88) 


.889 


.896 


.904 


.9' 2 


.919 




0.24 a 


927 


■93 S 


■943 


.950 


■958 


.966 


.974 


.982 


.990 


-998 




azs I 


W6 


,014 




.030 


.03S 


.047 


.055 


■063 


.07. 


.oSo 




a 26 


0S8 


.096 


.105 


"3 




.13° 


■'39 


-147 


.156 


.'65 




0.27 


'73 




■'9' 


.200 


.208 


.317 


.226 


■235 


■244 


-253 




0.28 


262 


.271 


.280 


.289 


.29S 


.307 


■3' 7 


■326 


■335 


'344 




0.29 


354 


.3S3 


■372 


.382 


■39' 


.401 


.410 


.420 


■429 


■439 




0.30 


449 


.453 


.468 


.478 


■4S7 


-497 


.507 


■5'7 


-527 


■537 




0.31 


547 


-557 


-567 


■577 


.587 


■597 


.607 


.6.7 


.628 


■638 




0.32 


648 


.658 


.669 


.679 


.690 


.700 


.711 


.721 


■732 


.742 




0.33 


753 


■763 


.774 


■78s 


.796 


.So5 


.817 


.828 


■839 


.850 




0.34 


86 1 


,872 


.883 


■894 


-905 


.916 


-927 


-93S 


.949 


.960 




0.35 ' 


972 


-983 


■994 


•.006 


'.017 


•.028 


•,040 


•.051 


•.063 


'■074 




0.36 2 


0S6 


.098 


.109 


.121 


■'33 


■ '44 


..56 


.168 


.180 


.192 




037 


203 


.215 


.227 


.239 


.251 


.263 


.276 


.288 


.300 


■3" 




0.38 


324 


.336 


■349 


■36' 


-373 


■386 


.398 


-4" 


■423 


■436 




0.39 


44S 


.461 


■473 


.486 


■499 


■Sii 


-524 


.537 


-550 


.562 




0.40 


575 


.588 


.601 


.614 


.627 


.640 


.(i53 


.666 


.679 


.692 




041 


706 


.719 


■732 


.745 


■759 


.772 


.785 


.799 


.812 


.826 




0.4Z 


S39 


.853 


.866 


.880 


.894 


.907 


.921 


■935 


.■^*f 


.962 




0.43 2 


976 


.990 


•.004 


•.ofS 


•.032 


'.046 


•.060 


*.074 


•.□88 






0.44 3 


116 


.'3° 


.'44 


■159 


■'73 


.187 


.202 


.216 


.230 


.245 




0.4s 


259 


■273 


.288 


.303 


■3'S 


.332 


■347 


.363 


-376 


■391 




0.46 


40(1 


.421 


■435 


.450 


.465 


.480 


■495 


.S'o 


■525 


.540 




0.47 


555 


■571 


.586 


.601 


.616 


.6j2 


.647 


.662 


.678 


.693 




0.48 


708 


.724 


■739 


■755 


.770 


.786 


.S02 


.817 


.833 


,849 




0-49 3 


865 


.880 


.896 


.912 


.91S 


■944 


.960 


.976 


.992 


•008 




0.50 4- 


024 


.040 


.056 


.072 


.08S 


.105 


.12. 


-'37 


■'S4 


.170 


1 






■ 


■ 



^^^ 




■ 


^M 


t 


^ 


.0., 


^ 


.003 


.004 


005 


.006 


007 


ooS 


W9 


^^^B 


0.S1 
0.51 


Fttu 
4.OM 
.r86 
■JS» 


.040 
.203 

.369 


.056 

.ii9 
,3l» 


.072 

.2J6 

.40J 


.252 
■419 


43S 


Feet. 

:2sl 

■453 


137 
302 
470 


154 
319 
487 


Feet. 
.170 

■335 
.S°4 




0-S3 

0.S4 

0.55 


4.869 


.538 


■555 
•7«S 
.904 


■573 

.746 
.922 


.590 
■763 

.940 


607 


.624 

.798 
■976 


641 

St6 
994 • 


659 
833 


•.030 






0.56 


5-048 

.239 

.414 


.066 
.248 
■433 


.OS, 
..66 
.451 


:285 

.47' 


.303 
.489 1 


■38 

5" 
508 


.156 

-340 
.527 


'74 
359 
546 


"93 

377 
565 


i 






O.S9 
0.60 
0.61 


.603 

.794 

5.989 


.622 
.814 
■-009 


,64, 

•5i 


.660 


679 

872 
•.068 I- 


6,g 
8„ 
0S8 


-7'7 
.91: 

•.107 * 


737 
930 
127 • 


756 
95° 

'47 


.775 






0.62 


6.187 

.388 

■593 


.207 
.409 
.613 


.227 
.429 
.634 


.247 
■449 
■6S5 


.267 
.470 1 

-67s ! 


=87 
.490 
6,6 


■307 
.511 
-7'7 


3^8 
53' 

738 


348 
35* 

7S9 


.368 
■372 
.779 






0.67 


6.S00 

7.01 1 

.215 


.821 
.032 
.147 


.842 
■054 

.268 


.S63 
.075 
.290 


.884 
.096 

■3'2 


333 


.926 
■'39 
■355 


948 
161 

377 


969 
1S2 
399 


.990 
.204 
.42' 






0,68 
0.69 
0.70 


.443 

.663 
7.887 


.464 
.685 
.909 


.4B6 
.708 
■931 


.508 
■730 
■954 


-530 
.75^ . 
■977 • 


55' 
774 


■574 
.797 
•.023 • 


1% 

045 • 


068 


.641 
.864 
•.091 




■ 


0.71 
0.71 

0.73 


B-n* 

-J44 
■577 


.'37 
.367 
.601 


.'59 

•390 
.624 


.182 


.205 
■437 
.67. 


228 
460 
695 


.719 


274 
507 
743 


298 

530 

766 


■321 
.354 

.790 




I 


0.74 
0.7S 
0.76 


8.814 
9.054 
.197 


,838 
.07S 
-3^' 


.862 


.885 
.126 

-370 


.909 
.150 
■395 


933 
■75 
■419 


■957 
■'99 
-444 


981 * 

223 

469 


3 

493 


•.030 






o;;i 

0.79 


■S43 
9.792 
10.04s 


.568 
.818 
.071 


■593 -617 
.843 1 -868 
.096, .122 


.642 
.893 
.'47 


667 
918 
'73 


.692 


717 

969 
224 


742 
994 
250 


-767 

.275 






0.S0 
0.81 

0.8a 


.301 


■$l 
.849 


■353 
.612 
.875 


■378 
.639 
.902 


.404 
.928 


430 

69, ; 

955 


.456 

ill' 


482 

008 • 


508 
770 
035 


■534 






0.83 
0.84 
0.8s 


-357 
.629 


.656 


.142 
.411 

.684 


.168 

.438 
.711 


.'95 

.465 
■739 


i 


.249 
.520 
-794 


276 


303 


.330 
.602 
.876 




....86 

I0.87 
10.8S 


11.904 

12.183 
.464 


.932 
■493 


.960 
■139 

.521 


.987 
.267 
-549 


•,o,i !• 


043 


li' 


099 • 


127 
408 
692 


'■'SS 

.436 
.721 




I0.89 
0.90 
0,91 


12.749 

'3-037 
-329 


.778 
.066 
■358 


■807 i .835 
■387 1 .4' 7 


.864 

■ 'S3 
.446 


Si 

*7S 


.922 

.505 


95' 
241 
534 


979 

270 
5fi4 


•.008 
.299 

■594 




0.92 
0-93 
;o.94 


.623 
13.921 
14.222 


.653 
.951 
.252 


.682 ; .712 

.98if.o., 
.282! .313 


.742 1 
•.041 • 
.343 


772 
071 
374 


.801 
.404 


83' 
'3' • 
435 


861 
161 

465 


.891 

•.192 
.496 






0-95, 
0.96, 
0.97 


.526 
14-834 
15.144 


■557 
.864 

■ '75 


.587' .618 
.895 .926 
.207 .238 


.649 


III 

301 


^.710 
■33Z 


74' 

Z' 


772 
082 
395 


.803 
•.113 
.426 






0.98 
0.99 


.458 
'5-775 
16.095 


.490 

.807 

.128 


■839 -87' 
.160 .192 


■iH 1 
■903 1 
.224 1 


616 
935 
«57 


.648 
.967 
.289 


680 

999 • 

3*2 


711 
031 

354 


■743 






S5~^^^ 


M 


H 




■ 


i 


ri 









^H 




■ 


I^^^H 




t 
1.00 


ffOO 


:», 


.002 


.003 


.004 


.005 


006 


.007 


.008 


<»9. 


16.095 
16.419 

16.746 


.128 

.45' 
■779 


.160 

.484 

.Sii 


-iga 


F.H. 

.224 


■i 

.910 


2% 
6'S 
943 


Feel. 
-322 
.647 
.976 


.009 


5 

-713 

•.042 




1.03 
1.04 

'■OS 


17.076 
17.409 
'7^745 


.109 
.442 
.779 


.142 
.476 
.8.3 


■75 


.208 


.242 
■577 

■9' 5 


275 
610 
949" 


.308 
.644 
■983 


.342 
.678 
.017 


-375 
.711 
-.051 




1.06 
1.0S 


18.085 
18.428 
18.774 


..18 

^62 

.808 


■53 

.497 
■843 


.187 
-S3' 

.878 


.■566 
.913 


.256 
.600 
-948 


290 


.324 
.670 
.018 


■359 

.704 
.053 


393 

.;SI 




1.09 


19.123 
19475 
I9^83. 


..58 
■SI' 

.867 


■'93 

.546 
■9»3 


.228 
.582 
.938 


.264 
.617 
-974 


.299 


334 
688 


.369 
.724 
.0S2 


.405 
.760 
.118 


.440 
■795 
•-154 




1.13 
1.14 


20.190 
20.552 
jo.giS 


.326 
.589 
.954 


.262 
.625 
-99' 


.298 
.661 
■.ojS 


■.06s 


■371 

.■"■* 


407 
77' 
ijS 


■17S 


:tS 


•.249 




i-'S 

I.I6 
1.17 


21.286 

21,658 
22.033 


.071 


.360 

.733 
.108 


-397 
-770 
.146 


..84 


s 


IS 

260 


-546 
.920 
-297 


S 

■335 


.621 

-995 
■373 




1.18 

".'9 


21.411 
»»-793 

23-177 


.449 

% 


■487 
.869 
■ 255 


■425 
.908 
-293 


■S63 
.946 
■332 


.602 

.985 * 

-37' 


640 
023 
410 


.678 
.062 
■449 


.716 

^87 


,■754 
•■'39 

.526 




1.23 


23-565 
23-956 
24.35 ' 


.604 

.996 
.390 


.643 
•■"35 
■430 


.682 
•-074 
.470 


.509 


.760 
'■'53 • 
.549 


Soo 


.839 
.232 
.629 


.87S 
.272 
.669 


.917 




1.14 


24.74S 
=5-149 
25-553 


-594 


^230 
.634 


.270 
-675 


.90S 


.948 
■35' 
.756 


988 

39' 
797 


.028 

fi 


.069 


.919 




;3 

1.29 


25.960 
26.371 
26.784 


•.001 

.412 
.S26 


•.042 


-.0S3 
■494 
■909 


'536 
-951 


'.T65 • 
■577 
.992 • 


206 

619 

034 


.247 
.660 
.076 


:;s 


•.330 
.743 

M59 




1.30 

■■31 
1.32 


27.201 
Z7.621 
28.045 


3J 

.087 


.j»5 
.106 
■'30 


.172 


-J69 
.790 

.2' 5 


.4'i 

-833 
-257 


453 
S75 
300 


■495 
.917 
.343 


■537 
,960 
.386 


_^-S79 
.'4^8 




'■33 
"■34 
'■35 


2S.471 
28.901 
29334 


.514 
■944 
■377 


.421 


.600 
'.030 
.464 


.643 
'-074 
■508 


.686 
'.ri7 • 
-552 


729 
160 
595 


.772 
■.204 
-639 


.815 
■.247 
.683 


.858 
'.290 
.726 




..36 

::iS 


29.770 
30.209 
30.652 


.714 
■2 54 
■697 


.858 
.298 
.741 


.902 
.342 
.785 


■945 
.386 
.830 


-989 • 


033 
475 
919 


'.077 
-S'9 
.964 


■563 
*,oo8 


•.053 




1-39 
1.40 
1. 41 


31.098 
3'. 547 
3' .999 


■'43 
-592 
•.045 


.IS7 
.637 
•.090 


.682 
■.136 


.277 
.728 
-.181 


.322 
-773 

-.227 • 


272 


!S63 
'.3'S 


.457 
.909 


.502 

-954 
•.409 




1-4' 
1.43 
1-44 


32.455 
32-913 

33-375 


.500 
.960 
.422 


.546 
'.006 
.46S 


.592 
•.052 
■5'5 


.638 
-.09S 
.561 


.684 
•.144 * 
.608 


730 
190 

654 


.776 
•■237 
.701 


.821 
•.283 
■747 


.867 
•.329 
•794 




1.47 


33-841 
34-309 
34-78. 


.887 


.934 
.403 
■875 


.981 
-450 
.923 


•.038 
-497 
-970 


•.074 ■ 


592 
065 


M68 
■639 
M13 


•Si 

M60 


'.262 


m 1 


1.48 
1.49 


35-255 
35-733 


■f 

.26i 


-3" 


■398 


-446 
.926 
.4'>8 


.494 
-974 * 
.456 


542 


■590 
'.070 
-553 


.602 


•651 


^h ^& ^^^^H 



■ 






■ 




^H 


r 


(H) Coefficients for the Cubic Law of Resistance. 
Projectiles with Ogivat,- Heads. 




V 

f-B 


K, 




u,5 


.| 


V 
f-s 


K, 




-1 




1^ 


S7S.1 
525-S 
481.7 


17.959 
16.325 
14.964 


'■2543 
1.1129 
r.1750 


17.10 
32.72 


530 
530 
540 


117-3 


3.=« 

3.573 
3-504 


.5616 

-553° 
.5446 


298.53 
302.14 
305.6S 




140 


444-7 
411.9 

385-4 


■3.815 
12.S37 
11.972 


I.I404 
1.1081 

■ .0782 


■47.08 
60.39 
72.77 


550 
560 
570 


108.7 
106,7 


3-439 
3-377 
3-315 


■5364 
-5285 
-5205 


309.15 
312.56 

315.90 






160 
170 

i8d 


361.3 

340.1 


11.224 
9-978 


1.0501 
1.0739 
.9990 


84-36 
95-24 
105.51 


580 
1^ 


102.5 


3,122 


,5.18 
.5030 
-4944 


319.19 
322.40 
325.56 






190 


304-3 
189.0 
275-3 


9-453 
8.978 
8-552 


.9756 
-9532 
-932" 


115.21 
124.42 
133.18 


610 

620 
630 


9S.6 
96.8 
95' 


3-063 
3.007 
2.954 


.4862 
.4781 
.4704 


328.65 
33' -68 
334.66 






230 


262.8 
IS '-3 

240.9 


8.164 
7,807 
7.484 


.9119 
.8925 

-874' 


141-54 
149.52 
157.16 


640 


93-5 
91,9 
90.5 


2.905 
2.855 
2.811 


.4632 


337.59 
340.47 
343.30 






170 


231.3 

222.4 
214.2 


7.182 
6,651 


.8563 
.8394 
.8229 


164.49 
1J1.53 
178.31 


670 
680 
690 


89.. 
87-7 
86.3 


2.768 
2.724 
2.681 


.4422 


346.09 
348.84 
351.54 






ate 
290 

300 


199- J 
192.7 


6.415 
6,191 


.8072 
.7918 
-777' 


184.84 
191.14 
197.23 


700 
710 
720 


84.9 
83-7 
82.6 


2-637 
2.600 
2.566 


,421 1 
.4150 
4093 


3S4.20 
356.82 
359.40 






310 
3»o 

330 


.86.S 
lSo.S 
175-5 


5-794 
5-617 
5-45 z 


.7630 
■7495 
.7366 


203.12 
208.82 
214-35 


730 
740 
750 


81,6 
80.6 
79.6 


2-535 
2-504 
2-473 


.4040 
.3986 
■3932 


36195 
364-47 
366,96 






340 

IS 


170.6 
166.0 
16..9 


5-299 
5.158 
5-029 


.7342 
.7'^S 
-701s 


219.73 
224.96 
230.05 


760 
770 
780 


78,7 
78.0 
77-4 


2-445 
2-423 
2.404 


.3883 
.3844 
.3809 


369.42 
37'. 85 
374.26 






37° 
380 
390 


.5S.0 
154.4 
151-1 


4-907 
4-795 
4-693 


.6908 
^6715 


235.01 

2^^'6l 


1^ 
810 


76.8 
76.2 
75-6 


2.386 
2^348 


-3777 
■3742 
.3707 


376.66 
379.03 
381-39 






4(xi 
410 
420 


14S.0 
145-2 
142.5 


4.599 
4.51a 
4.427 


.6627 
.6544 
.6461 


249.25 


820 
S30 
S40 


75-2 
75-1 
75.0 


2-336 
2.333 

2.330 


.3685 
.3679 
■3674 


383-73 
386.07 
388.40 






430 
440 

450 


139-8 
'37-2 

134.6 


4-343 
4.262 
4,l8i 


.6378 
.6296 
.6213 


262.66 
266.96 
271.19 


Bjo 
860 
S70 


75,0 
75,0 
75.0 


2.330 
2.330 
2-330 


.3674 
.3674 
■3674 


390.73 
393.06 
395-39 






4&. 

% 


■ 32.0 
129.4 
126.9 


4,101 
4.020 
3-942 


.6.29 

,6042 
-5957 


275-33 
279,39 
283.37 


8S0 
890 
900 


75-0 
75.0 
75.0 


2-330 
2.330 
2.330 


■3674 
-3674 
■3674 


397-72 
400.05 
402.38 






490 
500 
510 


124.4 
12 1. 9 

.19.6 


3.865 
3-787 
3-7 "5 


.5872 
-5783 
-5700 


287.28 
291,10 
294-85 


910 
920 
930 


75.0 
75-0 
75.0 


2.330 
2-330 

2.3JO 


-3674 
-3674 
-3674 


404.71 
407.04 
4Pq-?,l 


s 


\ ^ 


\ ^m 


^^^^ 


M 




■ 


^^^ 


■ 


■ 



^^p 






HHB^BJH 


^^^r 






^"^^^^a^B 
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(H) Coefficients for the Cubic Law of Resistance. H 


V 
f-s 


K, 


g 


Log— ^1 — — ^ 


V 

f-G 


K. 




-^ 


e 


94D 

IS 


75.0 
75-0 
75-0 


'■33'> 
a-330 
»-330 


.3674 
-3674 

.3674 


411.70 
414-03 
4' 6.36 


1420 

'43'' 

1440 


103.5 
103.9 

102.3 


3-215 


.5072 
-5»47 
.5022 


560.S1 
564-01 
567.30 


1 


990 


75.0 
7S.0 
7S-0 


'■33« 
1.330 
2-330 


■3674 
-J674 
-3674 


41S.69 
421.02 
423-35 


1450 
1460 
1470 


10I.6 
(00.9 


3-156 
3-134 
3.110 


.4991 
.4961 
.4938 


570.37 

urn 


1 


1^ 


75.0 
7S-1 
75-3 


I-330 
»-333 

1-339 


.3674 

.3679 
.3690 


435-68 
438.01 
430.34 


14B0 
1490 
1500 


99-4 
98.6 
97-9 


3.088 
3-063 
3.041 


■SI 

.4S30 


579-73 
583.80 
585.86 


1 


1030 

1040 
1050 


76.7 
87:3 


2.3S3 
a.510 

Z.712 


-3771 
.3997 

-4333 


432.69 
435.13 
437.73 


1510 
1520 
1530 


97-1 
96.3 
95-3 


3.016 
2.988 
2.960 


-4794 
.4754 
.4713 


588.S9 
591.89 
594-86 


I 


1060 

1070 
1080 


94.0 

98.7 


2.920 
3.066 

3.17s 


.4654 
.4866 
.50.7 


440-55 
446^68 


1540 


94-4 
93-6 

92.8 


2-933 
3.908 
3.883 


.4673 
.4636 
.4598 


597.81 
600.73 
603.62 


I 


1090 


104-9 
106.9 

10S.4 


3-359 
3-33' 

3-367 


-5>3' 
.5213 

.5272 


449.90 
453- > 9 
456-54 


1570 
15B0 
1590 


92.0 
91.2 
90.4 


2.85S 
2.S33 
2.S08 


.4561 
.4533 
.4484 


606.49 
609.34 
612.16 


1 


T130 
1140 


109.2 
log.e 
109.6 


3-392 
3"»05 
3.405 


■5305 
.5321 
■532' 


459-93 


1600 
1610 

1620 


89.7 
1:3 


3.787 
3-765 
2-743 


.445' 
-44' 7 
-43S2 


614.95 
617-73 
620.48 


1 


1150 
1160 

1170 


1^6 
109.6 


3-405 
3.40s 
3-405 


■533' 
.5321 
-5321 


470-13 

473-54 
476.94 


1630 
1640 
.650 


86.2 


2.721 
2.700 
2.678 


.4347 
■43 '4 
.427S 


623.21 
625.92 
628.61 


1 


1180 
1190 


109. 6 
109.6 


3-405 
3405 
3-405 


-532' 
.5321 
.5321 


480.35 
483-75 
487-16 


1660 
1670 
16S0 


S5.5 
84.B 
84-2 


2.656 
3.634 
2.616 


.4242 
.4206 
.4176 


631.37 
633-92 
636-54 


■ 


1220 

1230 


109.6 
109,6 
109.5 


3-405 
3.405 

3.402 


■5331 
■5321 
-S3'7 


490.56 
493-97 
497-37 


1690 
1700 
1710 


83-6 
S3.0 
S3.4 


2-578 
3.560 


-4145 
-41 '3 

.40S2 


639- IS 
641-73 
644.30 


1 


1140 


ID9-S 

109-4 
109.3 


3.402 
3-398 
3-395 


■53'7 


500.77 
504.18 
507-57 


1730 
1740 


81.8 
81.2 
80.6 


2.541 

2.522 
2.504 


-4050 
.4018 
.3986 


646.85 
649-39 
651.90 


I 


1270 


109.3 
109.0 

IOg.g 


3.380 


■5305 
-5397 
-5389 


5' 0-97 
5 '4-36 
5 '7-74 


1750 
1760 
1770 


80.0 

79-5 
78.9 


2.485 
2.470 
2.451 


-3953 
■3927 
-3S93 


654-39 
656.87 
659-33 


1 


1300 

i3"o 
1320 


108.6 
108.4 
108.1 


3-374 
3-367 
3.35s 


-5282 
-5273 

-526. 


531.13 

534-49 
537-85 


1780 
1790 

tSoo 


78.4 
77-8 

77-3 


2-435 
2.417 


-3865 
.3833 
.3804 


661.78 
664.20 
666.61 


I 


1330 
1340 
1350 


107.8 
107.5 
107.1 


3-349 
3-339 
3-327 


-5249 
.5236 
.5221 


53'' -20 
534-54 
537.88 


1810 
1830 
■S30 


76.8 
76.2 
75-7 


2.386 
2.367 
2.352 


.3777 
•3742 
■37'4 


669.01 
671.39 
673.75 


1 


1360 
1370 
138° 


106.7 


3-315 
3-303 
3-287 


-5205 
.51S8 
.516S 


541.30 
544-51 
547.80 


.840 


75-2 
74-7 
74.2 


2.336 
2.321 

2-305 


-3685 
.3657 
.3627 


676.09 
678.43 
680.74 


1 


«390 

i+:o 


'05-3 
104.7 
104.1 


3.371 
3.353 

3-334 


■5>47 
.5122 
-5097 


551-08 
554-34 
557-58 


.870 

t88o 
1890 


73.6 
73-1 
73.6 


2.286 
2.271 
2.355 


-3591 
-3562 
■3533 


683.03 
683.31 
685.58 


L 


^^^^^ 




&8 J 



■ 


^^M 




^^H 


■ 




^M 




(H) COEf-TICIENTS FOR THE CimiC Law OF RESISTANCE. 




V 

f-s 


K. 


Kv 1, Kv 


s. 


V 
f-s 


K. 


f !-^ 


S 


t900 

1910 
1920 


72.1 

71.6 
7I.I 


2.240 

2.224 


■3503 

■347' 
■344S 


6S9.8J 

692.06 

694.28 


2370 


62.6 
614 


'.94s 

1.926 
1.907 


.2889 
.2847 
.2804 


7S4.36 
786.29 
788.21 


1 


1930 
1940 
1950 


70.8 
70.4 

70.0 


2.175 


.3422 
■3399 
■3375 


696.48 
698.68 
700.86 


2380 
2390 
2400 


60.8 
60.2 
59^6 


>.889 
t.870 
..851 


.2762 
.2718 
■2674 


790.11 

791.98 
793-85 




■ 


i960 
1970 
1980 


69.7 


2.150 


■3355 
■3337 
■3324 


703.03 
70S.1S 
707-34 


2410 
2420 
2430 


11: 

57.8 


1.796 


:.1S 

■2543 


79569 
797-5' 
799-32 






1990 


69.0 

es.s 

68.6 


2.143 
2.137 
2.131 


-33'° 
.3298 
■32B6 


709.48 
711.62 

7'3-76 


2440 
2450 
2460 


IS 

56.2 


1.777 
1.761 
1.746 


.2497 
.2458 
.2420 


Soi.io 
802.87 
804.63 






1030 
1040 


6S.4 
68.3 
68.2 


2.11$ 
2.1 19 


.3274 
.326S 
■3261 


715-S9 
7:8.01 
720.13 


2470 
2480 
Z490 


55^7 


'.730 
1.71s 
1.702 


.238. 
■2343 
.2310 


806.37 
S08.09 
809.80 






2050 
2060 
1070 


68.1 
67.9 


2.116 

2. log 


■J2SS 
■3'47 
.3241 


722.2s 
714-37 
726.48 


2500 
2510 
2520 


54.4 
54.0 
53.7 


1.690 

1.678 
1.668 


2 


811.50 
813,18 
8. 4.85 






»o8o 

7090 


6;:l 

67.8 


2.109 
2.106 
2.106 


■3241 
■3235 
■323s 


728.59 
730.70 
73=^8o 


2530 
2540 
2550 


53.4 
53.' 
52.9 


1.659 

'^643 


.2199 

■2 '75 
.2.56 


816.51 

818.17 
819.81 






2130 


67.7 
67.6 
67.6 


2.103 


■322B 

-3222 

.3222 


734^90 
737^oi 
739.1 ■ 


2560 
2570 
25S0 


52.7 
52.6 

52^5 


1.637 
'■^34 
1.631 


.2141 

•2 '33 

.2125 


S21.45 
823.09 
824.72 






ai40 

2150 
2160 


67.5 

67.4 

67.3 


2.097 
2.094 
2.091 


.3210 
.3204 


741. so 
743-30 
745-39 


2600 
2610 


52.5 
52^4 
52.4 


1.63: 
1.628 
1.628 


.2125 
.21.7 
.21.7 


826.36 
827.99 
829.61 






2170 

21Sd 

2190 


67.2 


2!d8S 

2.084 


■3 '97 
■3 '97 
-3'S9 


747-48 
749.57 
751.65 


2620 
2640 


52.4 
52-3 
52-3 


1.628 
1.62s 
1.625 


.2117 
.2109 
.2109 


831.24 
832.87 
834-50 






22W 


67.0 
66.9 

66.8 


2:078 

2.075 


.3'a3 
■3' 77 
■3' 70 


7S3^73 
755.81 
757.88 


2670 


52.2 


1.625 

1.622 
1.622 


.2109 


836.12 






123° 
2240 
2250 


66.8 
66.7 
66.6 


2.075 
2.072 

2.069 


■3; 7^ 
.3158 


759.96 
762.03 
764.10 


2680 
2690 
2700 


52.2 
52.1 
52^1 


1.622 

i.6t8 
1.618 


.2090 
.2090 


Z2 

S44.!! 






3Z6o 

2270 
3280 


6G.2 


2.066 

2.063 


■3'Si 
■3'45 
■3'30 


766.17 
768.23 
770.29 


2710 
2720 
2730 


52^1 

52.0 
52.0 


1.61S 
..615 

1.61 5 


.2090 
.2082 


849-07 






2290 

2300 

2310 


65., 

65-5 
65.0 


2.047 

2-035 
2.019 


.31H 
.3086 
.305' 


772.35 
774.40 
776^43 


2740 
2750 
2760 


52.0 
S2.0 

52.0 


1.6,5 

1.6.5 

1.615 


.20S2 
.2082 
.2082 


850.69 

852.30 
853-92 




■ 


2320 
3330 
2340 


64.4 
63.8 
63.2 


1.963 


■3<"3 
.297. 
.2929 


778.44 
780.43 
782.40 


2770 
2780 
2790 


52.0 
52.0 
52.0 


1.615 
1.615 
1.615 


.2082 
.2082 
.2082 


855-53 




i 


^^ 


j9 

i 


^H 


H 
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^^ 


(J) T.VBLE OF Values of R.. 
Projectiles with Ogival- Heads, 


1 


V 

r-s 







' 3 


4 


5 


6 I 7 


8 


9 




1 


11 


1S.8 
*o-3 
51.17 


274 
41.S 

52.23 


42.7 

53.16 


30.6 

43.9 
54-07 


32.1 
45-0^ 
54.96 


33-5 

46.1 
55-83 


35.0 
47-2 
56.67 


36.3 
48.3 
57-50 


37-7 
49.3 
58.30 


39.0 
50.3 
59.09 


■<fl 




'3 

14 

'S 


S9-86 
66.67 

72.17 


60.61 

67.27 
72.66 


61.34 

67.86 
73- '4 


62.06 
68.44 
73.6 « 


62.76 
69.01 

74.07 


63.45 
69.56 
74-52 


64.12 

70.10 
74.97 


75.40 


65.42 
71.16 

75-83 


66.0s 
71.67 
76-25 


4S| 




i6 
i8 


76.66 
S0.39 
S3-5' 


77.07 
80.72 
83.79 


77-46 
81.05 
84.07 


l!3 
84.35 


S4.62 


S4.8S 


78-98 
83.32 
85.15 


79-34 
82.63 
8540 


as 

S5.66 


80.04 
83,22 
85.90 


3« 

a 


1 




19 

30 


86.15 
S8.40 
»o.34 


86.39 

88.6. 
90.52 


S6.62 

88.81 
90.70 


86.86 
89.01 
90.S7 


87.09 
89.31 
91.04 


87.32 
89.41 

91.21 


ggieo 
91-3S 


87-76 
B9.79 
91.54 


87.98 
89.97 
91.70 


88.19 

9?:86 


23 
20 
17 


J 




"3 

24 


92.02 

93-49 

94.7S 


93..8 

93.^3 
94.90 


9».33 

93.76 
95.02 


92.48 
93-89 
95-14 


92.63 
94-02 
95.25 


93.78 
94-15 

95-37 


92-93 
94.28 
95-4S 


93-07 
94.41 
95-59 


93.2' 

94-53 
95.70 


93-35 
94.66 
95.81 


•3 


i 




37 


95.917 
96.9J4 
97.833 


7.0J9 
7.907 


6.1 28 

7.113 
7.991 


6.232 
7.205 
8.073 


6.334 
7.296 
8.155 


6.436 
7.386 
8.236 


6.536 
7.475 
3.3 '5 


6-635 
7.564 
8.394 


6.732 
7.651 
8.473 


6.S29 
7-737 
8-550 


90 
81 






29 


?8.627 
99.349 


a.702 
9.418 


8.777 
9.485 


8.852 
9-552 


8.925 
9.618 


8.99B 
9.683 


9.069 
9.748 


?:ffi 


9.211 

9-875 


9.28. 
9.938 


1 




30 


o.(y» 


0.062 




0.183 


0.242 


0.301 


0.360 


0.417 1 0475 


0.533 


59 




3' 
33 


aS8S 

i!6o6 


0.643 
1.172 
1.652 


0.699 
1:698 


0-753 
1.272 
1.743 


0.80; 

•SI 


0.861 
1.370 
■-833 


0.914 
1.418 
1.877 


0.967 
1.466 
1.920 


1.019 

1.513 
1.964 


1.070 
1.560 

2.007 


54 
49 

44 






34 

35 
36 


2.049 
2.454 
2.82s 


2.091 
2.493 

2.860 


2.133 


3.174 
3.569 
2.930 


2,215 
3.6o6 
3.965 


2.256 
2.643 
2.999 


3-032 


2-336 
2,717 
3/>66 


2.376 
2-753 
3-099 


2.4 IS 

2.789 
3-132 


4« 
37 
34 


i 




39 


3-'65 

3-^77 
3-765 


3.197 
3.507 
3-792 


3^536 
3.820 


3.261 
3.566 
3.847 


3-293 
3-595 
3.874 


3.900 


3.355 
3-653 
3.927 


3-386 
3-953 


3-4' 7 
3.709 
3-979 


3-447 
3-737 
4.005 


31 

29 
27 


1 




40 
4 

42 


4.031 
4.375 
4.502 


4.056 
4.299 
4.523 


4.081 
4.322 

4-545 


4.106 
4-345 
4.566 


4:36s 
4.588 


4-156 
4-390 
4.609 


4.1 So 
4-413 
4.630 


4,204 
4.435 
4.651 


^458 
4.671 


4.692 


2S 
23 






43 

44 

45 


5.087 


4.732 
4.925 
5.104 


4-752 
4.943 

5-1 2^ 


4.771 
4.961 
5-139 


4-791 
4.980 
5-156 


4.S1. 
4.998 

5-173 


4.830 
5.016 
5-189 


4-850 
5-034 
5.206 


4.869 
5.051 
5.223 


4.888 
5.069 
5-239 


18 
17 




1 


46 
47 
48 


5.356 
S.4'4 
5.562 


5.272 
5-429 
5.576 


S.2SS 
5-444 
5-590 


5-304 
5-459 
5.605 


5.320 
5.474 
5.619 


5-336 
5-489 
5-633 


5-352 
5-504 
5-646 


5-368 
5-5 '9 
5.660 


5-383 
5.674 


118 

5-687 


16 
15 
14 






49 
5 


5-70I 
5-831 
5-954 


5.7'4 
5.844 
5.966 


5.728 
S-856 
5-97S 


nil 

5.990 


E 


S.767 
S.S94 
6.013 


5.780 
5.906 
6.034 


5-793 
5.918 
6.036 


5.806 
5-930 
6.047 


5.819 
5-942 
6.059 


13 




/ 


52 

S3 


6->79 
6.2S3 


6.0S1 
6.190 
6.393 


6.092 
6.200 
6.303 


6.103 
6^3! 3 


6.114 
6.221 

6.322 


6.125 
6.232 
6.33* 


6.136 
6,342 
6.342 


6-147 
6.252 
6,352 


6.36. 


6.16S 
6..,. 
6.371 


=i 


1 


^ J 



(J) Table of Values of Ry. 



V 

f-s 



8 



iDiflF. 



55 
56 
57 

58 

59 
60 

61 
62 

63 

64 

65 
66 

67 
68 

69 

70 

71 
72 

73 
74 
75 

76 

77 
78 

79 
80 

81 

82 

83 
84 

85 
86 

87 

88 

89 
90 

91 
92 

93 

94 

95 
96 

97 
98 

99 
100 

lOI 

102 



II 



6.3806 

.4733 
.5612 

6.6446 
.7242 

.7999 

6.8721 

.94" 
7.0069 

7.0698 
.1299 

.1874 

7.2424 
.2950 

•3454 

7.3939 
.4402 

.4846 

7.5272 
.5679 
.6071 

7.6447 
.6806 
.7150 

7.7480 

.7796 
.8100 

7.8390 
.8667 

.8931 

7.9184 
.9424 

.9655 

7.9875 
8.0085 

.0285 

8.0477 
.0661 
.0837 

8.1005 
.1167 
.1321 

8.1470 
.1612 

•1749 

8.1880 
.2006 
.2127 



3901 
4823 
5697 

6527 

7319 
8072 

8792 
9478 
0133 

0759 

1357 
1930 

2478 
3001 

3503 

3986 

4448 
4890 

5313 

5719 
6109 

6483 
6841 
7184 

7512 
7827 
8129 

8418 
8694 

8957 

9208 
9448 
9677 

9896 
0105 
0305 

0496 
0679 
0854 

1022 
1182 
1336 

1484 
1626 
1762 

1893 
2019 

2139 



/ 



3995 
4912 

5782 

6608 

7396 
8146 

8862 

9545 
0197 

0820 
1416 
1986 

2531 
3052 

3552 

4033 
4493 
4933 

5354 

5759 
6147 

6520 
6876 
7217 

7544 
7858 

8159 

8446 
8721 
8983 

9233 

9471 
9699 

9917 
0125 
0324 

0514 
0697 

0871 

1038 
1 198 

1351 

1499 
1640 
1776 

1906 
2031 
2151 



4089 
5001 
5866 

6689 

7473 
8219 

8932 
9612 
0260 

0881 

1474 
2041 

2584 

3103 
3601 

4080 

4538 
4976 

5396 

5799 
6185 

6556 
691 1 
7251 

7576 

7889 
8188 

8474 
8748 
9008 

9257 

9495 
9722 

9939 
0146 

0344 

0533 
0714 

0888 

1054 
1214 
1366 

1513 
1654 
1789 

1918 

2043 
2163 



4183 
5090 

5950 
6769 

7549 
8292 

9001 
9678 
0324 

0942 

1531 
2097 

2637 

3154 
3650 

4127 
4582 
5019 

5437 
5838 
6223 

6592 
6946 
7284 

7608 
7919 
8217 

8502 

8774 
9034 

9281 
9518 

9744 

9960 
0166 
0363 

0552 
0732 
0905 

1071 
1229 
1381 

1527 
1667 
1802 

1931 
2055 
2174 



\ 



4276 
5178 
6034 

6849 
7625 

8364 

9070 

9744 
0387 

1002 

1589 
2152 

2690 
3205 
3698 

4173 
4627 

5061 

5477 

5877 
6261 

6628 
6980 

7317 

7640 
7950 
8246 

8530 
8801 
9059 

9305 

9541 
9766 

9981 
0186 
0382 

0570 
0750 
0922 

1087 
1245 
1396 

1542 
1681 
1815 

1944 
2068 
2186 



.4368 
.5266 
.6117 

.6928 
.7700 
.8436 

.9139 
.9810 

.0450 

.1062 
.1646 
.2207 

.2742 

.3255 
.3747 

.4219 
.4671 
.5104 

.5518 
.5916 
.6298 

.6664 
.7015 
•7350 

.7671 
.7980 
.8275 

.8558 
.8827 
.9084 

.9329 
.9564 

.9788 

*.0002 
.0206 
.0401 

.0588 
.0767 

.0939 

.1103 
.1260 
.1411 

.1556 
.1695 
.1828 



\ 



.1956 
.2080 



.4460 

•5353 
.6200 

.7007 

.7775 
.8508 

.9208 

.9875 
.0512 

.1122 
.1704 
.2261 

.2795 
.3305 
.3795 

.4265 

.4715 
.5146 

•5559 
.5955 
.6335 

.6700 

.7049 
•7383 

.7703 
.8010 

.8304 

.8585 

.8853 
.9109 

.9353 

.9587 
.9810 

^oo23 
.0226 
.0420 

.0607 
.0785 

•0955 

.1119 
.1276 
.1426 

.1570 
.1708 
.1841 

.1969 
.2092 



4551 

5439 
6282 

7086 
7850 
8579 

9276 
9940 
0574 

1181 
1760 
2316 

2847 
3355 
3843 

43" 

4759 
5188 

5599 
5994 
6373 

6736 
7083 
7415 

7734 
8040 

8333 

8613 
8880 

9134 

9377 
9609 

9831 

0043 
0246 

0439 

0625 
0802 
0972 

"35 
1291 

1440 

1584 
1722 

1854 

1982 
2104 



4642 
5526 
6364 

7164 

7925 
8650 

9344 
0005 

0636 

1240 
1817 
2370 

2898 
3404 
3891 

4357 
4803 

5230 

5639 
6033 

6410 

6771 
7117 
7448 

7765 
8070 
8361 

8640 
8906 

9159 

9401 
9632 

9853 

0064 
0265 
0458 

0643 
0820 
0989 

1151 
1306 

1455 

1598 

1735 
1867 

1994 
2115 



94 
88 

84 

80 
76 
72 

69 
66 

63 
60 
58 
55 

53 
51 
49 

46 

45 
43 

41 
39 
38 

36 
34 
33 

32 
30 
29 

28 

27 
25 

24 

23 
22 

21 
20 

19 

18 
18 

17 

16 
16 

15 

14 
^3 

13 
12 



\ 





1 




{}) Table of Values of R^. H 


1 


,1 


■> 


' 


' 


3 


4 


5 


6 


7 


8 


9 ' 


•A 


■ 


>03 

105 


8.2 2427 

3500 

4471 


3138 
3602 
4562 


1649 
3703 
4652 


2759 
3803 
4740 


2867 


2975 
4000 
4915 


3082 
4096 
500: 


3188 

4192 
5086 


nil 

5170 


3397 
4379 
5253 


1 




.06 

;3 


68j9 


54' 7 
6193 
690S 


6977 


5578 
6340 
7045 


If, 

7"3 


1% 

7.8. 


58.4 
6557 
7248 


6628 
7315 


SS«S 


6043 
6769 

7447 


79 

11 


m, 


109 


8.2 75" 

8:46 
8747 


8S06 


7642 
S269 
S864 


7706 
8330 
8922 


7770 


7834 
S450 
9038 


7897 
851D 
9095 


7960 
8570 
9.52 


8022 
8630 
9209 


8085 
S689 
9266 


64 
6a 
58 


1 


"3 


8,2 93*2 

9873 
8-3 040J 


9378 
9917 
0455 


9434 
998. 
0507 


9489 
•0034 
0559 


0610 


0662 


9655 
•0194 
0713 


0764 


9764 

»0299 
08.4 


^9819 
0S65 


55 
S3 
St 


1 


117 


8.3 0915 
1410 
1890 


0966 

'459 
'937 


1016 


1556 


...5 
.604 
2077 


•All 

2:23 


1700 
2.69 


2215 


1313 

'795 
2261 


2307 


11 

46 


1 


tiS 
■ ig 


8.J 2352 
1799 
3132 


SI 

3^74 


33'6 


2488 
2930 
3359 


2533 
2974 
340t 


2577 
3'" 7 
3442 


2622 
3061 
3484 


2666 
3'04 

3526 


271. 
3'46 
3567 


3 


45 
43 
42 


1 


■*J 


8.3 3649 
4051 
4443 


3690 
4092 
4482 


373' 

4'3' 
4520 


3772 
4.7. 
4559 


38.2 
4210 
4597 


3852 
4249 
4635 


ill 
4673 


3933 
4317 
4710 


3973 
4366 
4748 


4012 

4786 


40 

P 


1 


124 

126 


8.3 48=3 
519. 
S54S 


4860 
5227 
5583 


4898 
5263 
56.8 


4935 
5299 
5653 


4972 

Pi5 


5008 
5371 
5722 


5045 
5406 
5756 


50S2 
5442 
579' 


5. .3 
5477 
5825 


S'SS 

5859 


37 
36 
35 




127 
129 


8-3 5894 
6229 
6554 


5928 
6262 
6586 


5962 
6294 
66.8 


5996 
6327 
6650 


6360 
6681 


6063 
6392 
6713 


6096 
6425 
6745 


6129 
6457 
6776 


6163 
6490 
6S08 


6196 
6522 
6839 


34 
33 

32 




'3° 
131 
131 


8.3 6870 
7177 
7476 


6901 
7207 
7505 


6932 
7238 
7535 


6963 
7268 
7564 


7594 


7025 
7328 
7623 


7055 
7357 
7652 


7086 
7387 
768, 


7.16 
74' 7 
7710 


7'47 
7446 
7739 


3' 
30 
29 




133 
134 
■35 


8.3 7768 
8052 
8327 


8355 


8382 


7854 
8>3S 
8409 


7S82 
8.63 
8435 


79" 


7939 
S218 
8489 


7967 
8246 
8516 


7996 
S273 
8542 


S024 
8300 
8569 


28 

28 

27 




136 
'37 
138 


9iio 


S621 
SSSi 

9136 


S64S 
8907 
9161 


S674 


8700 
8958 
9211 


8726 
S983 

9236 


8752 
9009 


8778 
9034 
9285 


8804 
9060 
93"o 


8S29 
90S5 
9334 


26 
26 

25 




'39 
140 


8-3 9359 
9838 


9383 

9625 

9S62 


9407 
9649 
9S85 


9432 
9673 
9909 


945^ 
9696 
9932 


9480 
9720 

9955 


9504 
9744 
9978 


-E 


9553 
9791 
•cx>25 


•0048 


24 
24 
23 




&4 0071 
0299 
0522 


0094 

0321 
0544 


0..7 
0344 
0566 


0140 
0366 
0588 


0.63 


0.85 
041. 
063. 


0208 
0433 

"^53 


0231 
0455 
0675 


0254 
0478 
0697 


0276 
0718 


23 




HS 

146 
'47 


8.4 0740 
0953 
1161 


0974 
1182 


0783 
099s 
.203 


0804 
10.6 
.223 


0826 
.037 
■243 


0847 
.058 
.264 


0868 
1079 
.2B4 


0889 
■099 
'304 


ogii 
1325 


0932 
1141 
1345 


I 




U8 
'49 


8.4 .365 
.566 
,,64 


■385 
1586 

'?S3 


.406 
l6o6 
1S03 


.426 
1626 
1823 


T446 

.645 
.842 


.466 
1665 
1862 


i486 
1685 


.506 
1705 
1900 


,526 
.724 
1920 


'546 
1744 
•939 


Z 


^t sa jM 



(J ) Table of Values of R,, 




V 
f-s 


"' 


. . 


3 


4 


5 


6 


7 


8 


9 


DiB. 


t5" 

'S3 


S.4 1958 
2149 


,978 
2:67 
2354 


1997 

21 S6 
2372 


2205 
2390 


2035 

2224 
2409 


2054 
2242 
2427 


2073 
2261 
2445 


2092 


2^98 

2482 


2130 
23'7 
2500 




'54 
'55 
156 


8a iS'S 
2698 
2875 


^536 
2716 

2893 


2554 
2733 
2910 


2573 

275' 

2928 


2591 
2769 
2945 


2609 
2787 
2963 


2626 
2804 
2980 


2644 
2822 
2998 


2662 
2840 
3f"5 


2680 
2857 
3033 






;i2 

159 


8.4 3050 
3222 
339> 


3^7 


308s 
3256 
34*4 


3102 
3273 
344' 


3"9 

3290 
3458 


3'37 
3307 
3+74 


3' 54 
33 H 
3491 


3'7. 

334' 
3507 


3358 
3524 


3^05 
3374 
3S40 






i6o 
j6i 
i6a 


8-4 3556 

11?, 


3573 
3735 

3895 


35S9 
375' 
39" 


3605 
3767 
3927 


3622 
37S3 
3942 


3638 
3799 
3958 


3654 
38'S 
3974 


367. 
383' 
3990 


3687 
3S47 
4005 


4021 






165 


8.4 4037 
4191 
4343 


4052 
4207 
4359 


4068 

4221 

4374 


4083 
4237 
43»9 


4099 
4252 
4404 


4"4 
4268 
4419 


4' 30 
4283 
4434 


4' 45 
4298 
4449 


4.6. 
43'3 
4464 


4176 
43 28 
4478 






166 

.67 

168 


4786 


4508 
4656 
4801 


45*3 
4670 
48.5 


4538 
46«5 
4830 


4553 
4699 
4844 


45*'7 
4714 
4858 


4582 
4728 
4872 


4597 
4743 
4887 


4612 
4758 
4901 


4626 
4772 
4915 






169 
170 
171 


8.4 4929 
5070 
5208 


4943 
5084 

5222 


4958 
S098 
5235 


4972 
S"2 
5»49 


4986 
5'25 
5263 


5000 
5'39 
5276 


5014 
5'53 
5290 


5028 
5'67 
5304 


5317 


5056 
5'94 
533' 






172 

'73 
174 


8.4 5344 

5478 
5610 


5358 

5492 

5623 


537' 
5505 
5636 


538s 
S5'H 
5649 


5398 
553' 
5662 


54' 2 
5544 
5^75 


5425 
5558 
5688 


5438 
557' 
5701 


5452 
5584 
5714 


5465 
5597 
5727 






175 
176 
'77 


8.4 5740 
5868 

5993 


5753 
6006 


5766 


S778 
5^5 
6031 


579' 


5804 
593' 
6055 


5S17 


5829 
595^ 
6o»o 


5842 
6092 


5855 
598. 
6105 






178 
179 


8.4 61.7 
6239 
6359 


6129 
6251 
O37' 


6263 
6383 


Si 54 
6275 
S395 


61136 
6287 
6406 


6.78 
6299 
64:8 


6190 
6311 
6430 


6203 
6323 
6442 


6215 
6335 
6453 


6227 
6347 
6465 






181 
i8z 
'83 


84. 6477 
6593 
6708 


6489 
6605 
6719 


6500 
6616 
5730 


65.2 
6628 
6742 


6524 
6639 
6753 


6535 
6651 
6764 


6547 
6662 
^775 


6787 


6570 
6685 
6798 


6696 
6809 






184 


8.4 68zo 
693' 
7041 


6832 
6942 
7052 


6343 
6953 
7063 


6854 
6964 
7073 


6865 
6975 
7084 


6876 
6986 
709s 


6887 
6997 
7106 


6898 
7008 
7117 


6909 
7019 
7127 


6920 
7030 
7'38 






.87 

iSS 
.89 


8.4 7149 
7^55 
7360 


7160 
7266 
737' 


7170 
7276 
733- 


7.8, 
7287 
7391 


7192 
7297 
7402 


730B 
7412 


7Z'3 
73'8 
7422 


7224 
7329 
7433 


7334 
7339 
7443 


7245 
7350 
7453 






190 
191 
192 


8.4 7464 


7474 
7576 
7676 


7484 
7686 


7494 
7596 
7696 


7505 
7606 
7706 


7S'S 
7616 
7716 


7525 
7626 
7726 


7535 
7636 
7736 


7545 
7646 
7746 


7556 
7656 
7755 






'93 
194 
'95 


7959 


7968 


7785 
7S82 
797S 


79S7 


7804 
790. 
7997 


7814 

E 


7S24 
7920 
8016 


7S34 
8025 


7S43 
7940 
8034 


7S53 
7949 
8044 






.96 
,97 
198 


8.4 80S3 
Si 46 
S238 


S063 
8156 
8247 


8072 
8165 
S256 


8081 

Si 74 
8265 


S091 
8183 
8274 


B192 
8283 


8.09 
8201 
8292 


8119 
S211 
8jgi 


8128 


8137 
8229 
\^8ini 


\'^ 




■ 


6S ^ 





1 


(J) Table of Values of R^. 


V 
f-s 


" 


■ 


' 


3 


4 


5 


6 


7 


8 


9 


1 




199 


8.48 3280 
4.64 
S031 


3369 
415. 

51.8 


433» 
5204 


3547 
4426 
5289 


3^35 
45 '3 

5375 


3724 
4600 
5460 


3812 
46S6 

4546 


3900 

4773 
563' 


3988 

4859 
5716 


4076 
4946 
SSoi 


I 




303 

204 


8.48 5386 
6735 
7549 


7631 


6055 
7713 


6139 
6974 
7794 


62 J4 
7056 
7S76 


630S 
7139 
7957 


639. 
7221 

8038 


647s 
7304 
8119 


6559 

73S6 
8200 


664Z 


84 




ao5 

206 
207 


8.48 8361 
9>57 
994' 


8441 
9236 
•0018 




8601 
9394 
•0173 


8GS1 
9472 
'0250 


8761 
955' 

•0327 


SS40 

9629 
•0404 


S920 
9707 
•0481 


8999 
9785 
•0557 


"0633 


78 

77 




308 


8.49 07 '0 

1 4^3 
2203 


0786 
1538 
2276 


1613 

i349 


0937 
16S7 
2422 


5495 


loSS 
1835 
3568 


"63 
1909 
2640 


HP, 

i7'3 


I3'4 
2057 
2785 


'389 
2130 

2857 


75 

74 
73 




213 


8.49 2930 
3643 

4344 


3002 

37'4 
44'3 


3073 
3784 
4482 


3145 
3855 
455' 


32'7 
39^5 
4620 


3288 


3359 


343' 
4'35 
4827 


350^ 

4205 
4895 


357= 
4274 
4963 


7t 

70 
69 




214 

"A 


8.49 5031 
5706 
637' 


5100 
5773 
6437 


5167 
SS40 
6503 


5^35 

IS 


5303 

IS 


5370 
6040 
6699 


5438 

6ioo 
6764 


550s 
6173 
6329 


5572 
6239 
6S94. 


6959 


68 

11 


■ 


"I 

219 


3.49 7024 
7666 
S299 


7089 
7730 
836. 


7153 
7794 
8424 


7218 
7857 
8486 


7282 
7921 
S548 


861 1 


8673 


7475 
Siio 
S734 


7539 

1^4 


7603 
8236 

8858 


64 


1 


22? 


5.49 8920 
953' 

8.50 0130 


89S: 
9591 
0.89 


9042 
9651 
0249 


9104 
9712 
030S 


9165 
9772 
0367 


922G 
9832 
0426 


9.87 


9348 
995 z 
0543 


^9409 


9470 
'0071 
0660 


6t 
60 
59 




223 
224 
225 


8.50 0719 
.298 
1868 


0777 
1355 
1925 


0S35 
1413 
.98. 


0893 
1470 
2037 


095' 
1527 
2093 


1009 
.584 
2150 


1067 
1641 
2206 


"4i 

2262 


1183 


1240 

181 T 

=373 


58 
57 
56 




226 
227 


8.50 2429 
298. 
353s 


248s 
3036 
3579 


2546 
3091 
3633 


2596 
3 '45 
3687 


265, 
3200 
3741 


2706 
3^54 
3794 


276. 


2817 
3363 

390' 


2872 
34'7 
3955 


!■ 




229 
230 
231 


8.50 4062 
4591 
Si'5 


4115 
4644 
5:67 


4696 
52'9 


4221 
4749 
5271 


4274 
480. 
5323 


4327 
4854 
5375 


4906 

54»7 


4433 
4958 
5479 


44S6 
5011 
553' 


5063 
5582 


5* 




232 

234 


8.50 S634 
6149 
6660 


5686 
6711 


5737 
6252 
6762 


5789 
6303 
6813 


584. 
6354 
6864 


5892 
6405 
6914 


11?. 

6965 


5995 
6507 
7016 


6046 
6558 
7066 


609S 
6609 
7117 


5= 

5' 
5' 




III 

237 


8.50 7167 


72.8 
7721 

822> 


7268 
7771 
8271 


7319 
8321 


8370 


7419 

7922 
8420 


7470 


7520 

3022 

8519 


7570 
807. 
S569 


7621 
S121 
8618 


50 
50 
50 




238 
239 
240 


S.50 8663 
9161 
9651 


37.7 

9210 
9700 


8767 
9260 
9749 


8816 
9309 
9797 


3866 
9358 
9846 


S9I5 
9407 
9895 


8964 
9456 
9944 


9014 
9505 

9992 


9063 
95 S3 
'0041 


91:2 
9602 
■"0089 


49 
49 
49 


1 


241 
242 
=43 


8.5, 0.3S 
0621 


0186 
0670 

1150 


0235 
0718 
.,98 


02S3 
0766 
1245 


0332 
0814 
1293 


0380 
0862 
134' 


0428 
0910 
■389 


0477 
0958 
'436 


0525 
!oo6 

.434 


0573 

:o54 
'53= 


48 
48 
48 


1 


244 

'41 


8.51 IS79 
2053 
2524 


1627 
2571 


361 8 


T722 
Z195 
2665 


1769 
2242 
2711 


.817 
2289 
= 758 


:864 


1912 

2383 
2852 


'■959 

2430 
2398 


2006 
2477 
=945 


47 
47 
47 
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(J) Table of Values of R,. fl 


V 
f-s 


- 






3 


4 


5 


6 


7 


8' 


9 


Dittf 


247 
149 


8.51 299^ 
3456 
J9I6 


3038 
35o» 
3962 


3''8S 
3548 
4008 


3594 
4054 


3178 
41 '>o 


3224 

3687 
4145 


3271 
3733 
4191 


33' 7 
3779 
4237 


3363 
3825 
4283 


3410 

387c 
432S 


47 
46 
46 




250 
251 
252 


S-S' 4374 
48^7 
5276 


4419 
4872 
5320 


4465 
4917 
5365 


45'" 
4962 
5409 


4555 
5007 

5454 


4601 
5052 
5498 


4646 
5097 
5543 


469. 
5142 
5587 


4736 
56J. 


4782 
523' 
5676 


45 
45 
44 




25J 
254 
I5S 


3.51 5720 
61 59 
6554 


5764 
6203 
6637 


5808 
6246 
6680 


5853 
6390 
6723 


5896 

6766 


5940 
6377 
6809 


5984 
6420 
6852 


O028 
6464 
6894 


6072 
6507 
6937 


6.15 
655" 
6980 


44 
44 
43 




256 

'41 


8.51 7023 


706S 
74S9 
7907 


7108 
753" 
7948 


7' 5° 
7573 
7989 


7'93 
761s 
803. 


7235 


7278 
769S 
Sii3 


7320 
7740 
8154 


7362 
7782 
8196 


7404 


42 
42 
4' 




a6i 


8.51 8278 
9086 


S3 '9 
8725 
9126 


'4n 

9166 


8400 
8S06 
9206 


844' 
8S46 
9245 


9285 


8522 

S926 
9324 


8563 
8966 
9364 


S604 
9006 
9403 


8644 
9046 
9443 


40 




262 
263 
264 


8.5. 9482 

9872 

8.5a 025 s 


952' 
9910 
0293 


9560 
9949 

"33' 


9599 
9987 
0369 


963S 

*0026 

0407 


9677 
•0064 
0445 


^9716 
04S3 


9755 
*o:4i 
0520 


9794 
*oi79 
0558 


9833 
•0217 
0595 


39 
38 
38 


1 


267 


8.52 0633 
1005 
'J7I 


in42 
140S 


0703 
1079 
'444 


0745 

;;si 


07S2 
■.'s\l 


0819 
1.89 

'553 


0857 
1226 
1589 


0894 
;262 
1625 


093' 
1299 
1661 


0968 


37 
37 
36 




268 
270 


8.52 1731 
Z088 
=439 


1768 
Z1Z4 
2474 


1804 
2159 
250S 


,840 
2194 
2543 


■875 

2229 
2578 


.9'' 
2265 
2612 


'947 
4647 


.982 


20.8 
2369 
27. 5 


2053 
2404 
2750 


36 
35 
35 




271 

273 


8.SZ 2784 
3 '24 
346" 


28 r8 
3'5S 
3494 


2S52 
3192 
3538 


2887 
3226 
3561 


292' 
3259 

3594 


2955 
3293 
3627 


2989 
3327 
3661 


3023 
3360 
3694 


3057 
3394 
3727 


3091 
3427 
3760 


34 
34 
33 




274 


8-S2 3793 
4443 


3M=6 
415= 

4474 


3859 


389' 

42'7 
4538 


3924 
4249 
4570 


3957 
4281 
4602 


3990 
43 '4 
4634 


4022 
4346 
4665 


4697 


4087 

44' 
4729 


33 




277 
178 
279 


8.52 4760 
5073 
53»3 


4792 
5105 
5413 


4823 
S'36 
5444 


5">7 
5475 


48S6 
5 '98 
55"S 


49' 7 
5229 
5536 


4949 
5259 
5566 


4980 
5290 
5597 


5011 

5J2' 

5627 


5042 
S3S2 
5657 


^J 


(K) Table of Valuf.s of [1000 :-v]' 1 
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39 


50.81 
45-S5 
41.00 


50.24 
45.07 
40.58 


49.69 
44.59 
40.. 7 


49- '5 
44.12 
39-76 


48.61 
43-66 
39-35 


48.08 
43.20 
38.9s 


47-56 
42.75 
38-56 


47-05 
42-30 
38.17 


46.54 
41.85 
37-79 


46.05 
4'. 43 
37-4' 


m 




30 
31 
32 


37-'H 
33-57 
30.52 


36.67 
33.24 
30-23 


3S.3' 
32.93 
29.95 


35-95 
32-61 
29.68 


35-59 
32.30 
29.40 


35-25 
31-99 
29-13 


34.90 
28!86 


34.56 


34.23 


33.90 
3".8t 
28.08 


il 




33 
34 

35 


27.83 
25-44 
23.3a 


27.58 
25.22 
23- '3 


27.33 
25.00 

22.93 


27.08 
24-78 
22.73 


26.84 
24.57 

22-54 


26.60 
24-35 
22.35 


26.36 


J6..3 


25.90 
23-73 

21. 80 


25.67 


eI 
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:.:ji C-171 r-i'i7 t.iii 1.C4S 
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For VET/y:TTTF.^ 500 to 1999 f-s see T.^ble (F). 
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izi^ .1 






.0 ^ 



.0 



2t/^ 
21 \2 

»77'> 

i2^^ 

0Z04 
rf(jfi7. 

V7S6 . 

/'52 ! 
9521 j 

y.}9» I 

9265 

9140 

90 1 s 



'/24 


.0 ««9S 
«779 


^;^9 


.r, H549 
«4.}7 

«.r^7 


/..io 


.0 S219 


2U 


811J 
«oo8 



24.^1 

22i>^ 
2114 

%'f^/2 

1423 
i2S% 

0190 

^jr^48 
99^X1 
9772 

9508 
9J7« 

9252 
9128 
i)r)C)() 

8886 
8768 
8O52 

«53« 
8426 

8ji6 

8208 
8102 
7998 



24/S3 

2277 

2rx/i 

1744 
J 574 

%£//> 
1241 
1081 

^y,23 
0767 
0615 

0465 

'>3»9 
0176 

0034 
9895 
9759 

9O25 

9495 
93^^5 

9240 

8994 

8874 
8756 
8640 

8526 

8415 
«305 

8198 
8092 
7988 



2444 

207^1 

iy>i 

'727 
'557 

i3V^ 
1225 
1065 

0907 
0752 

0451 
0304 
0161 

0020 
9882 
9746 

9612 
9482 

9352 

9227 
9103 
8982 

8862 
8744 
8629 

8515 
8404 

8295 

8187 
8082 

7977 



2X2r 



-»■» 



2C«DO 

I7I0 

1540 



I 



J/ J 



1200 

0^y2 

'>73^ 
0585 

043^ 
0290 

0147 

0006 
9868 

9732 

: 9599 
9469 

i 9340 

9215 
9091 
8970 

8850 

8733 
8617 

8504 

8393 
8284 

8176 
8071 
7967 



2407 
222,2. 
2042 

iS€6 
1693 

"523 



23^5* 

22C4 
2025 

1S49 
1676 
1506 



-5?^ -35 « 
2i$6 216S 



"93 

0S76 
0721 
0570 

0421 
0276 

0133 

'9992 
9854 
97«9 

9586 
9456 

9327 

9202 
9079 
8958 

8838 
8721 
8606 

8493 
8382 

8273 

8166 
8062 

7957 



56 134D 
"77 



2150 ; 
19S9 1972 . 

1S31 . 1S14 1796 
1659 1642 1625 . 
14S9 1473 1456 .J 



1307 1290 :i 
1 145 1129 :i 



1017 



0S60 
0706 

0555 

0407 
0261 
0119 

♦9978 

9841 

I 9706 

! 9573 

. 9443 

9315 

9190 
9067 
8946 

8826 
8709 

8595 

8482 

8371 
8262 

8155 
8050 

7947 



^323 
1 161 

1002 0986 , 0970 ,: 

0S45 0S29 i 0814 ' 

0690 0675 ! 0660 Ij 

0540 0525 I 0510 1; 



0392 0377 
0247 0233 
0104 0090 

*9964 1*9951 
j 9827 9S13 



9692 

9560 

9430 
9302 

9177 

9055 
8934 

8814 
8698 

8583 

8470 
8360 
8251 

8144 
8039 

7936 



9679 

9547 

9417 
9290 

9165 
9042 
8922 

8803 
8686 
8572 

8459 

8349 
8241 

8134 
8029 

7926 



0363 l| 

0218 i 

0076 i 

*9937 
9800 

9665 

9534 
9404 

9277 

9152 
9030 
8910 

8791 

8675 
8560 

8448 

8338 
8230 

8123 
8019 
7916 



!7o| 

59 

54 
50 



19 

[8 

[8 

17 
^7 

E7 

[6 
[6 
[6 

[6 

'5 
t5 

'5 
'4 
14 

14 
14 

^3 

13 

^3 

3 

2 

[2 

[2 

l2 
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I 
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I 

I 

lO 
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(K) Table of Values of [iooo-^v]* 1 




V 
f-s 


" 


' 


- 


3 


4 


5 


6 


7 


8 


9 


Diff. 


233 
334 




7705 


7895 
7795 
7696 


7S8S 
778s 
7(iSi6 


7875 
777S 
7676 


7S65 
7666 


7855 
7755 
7056 


7845 
7745 
7647 


783s 

7735 
7(>37 


782s 
7725 
7627 


7S15 

7715 
7618 


lo 




236 
^38 


07 


6079 
5120 

4177 


5982 
5°25 
4084 


5886 
4930 
399' 


5789 
4835 
3S98 


5(^93 
474' 
3805 


37<2 


5501 

455' 
3619 


5406 
4458 
3527 


53'0 
4364 
3434 


521s 

4271 
3342 


i 

93 




239 
240 
241 


-07 


3250 

2338 
1441 


53 

'352 


3066 
1263 


3974 
2068 
"75 


2SS3 
1978 
10813 


2792 
1888 
099B 


2701 
1798 
0910 


2610 


2519 
.1.19 
D734 


2429 
1530 
0647 


9' 

11 




=43 

»44 


.07 
.06 


i 


0472 


0385 

9520 

8G69 


0298 

9434 
85B5 


9349 
8sni 


0124 
92O3 
8417 


003S 
9178 
S333 


*99S' 

9093 
8250 


■9S65 
9008 
8i6fi 


•977S 
8923 
8oSj 


11 

»4 


1 


245 
J46 

347 


,06 


7999 
7173 

6j6i 


7916 
62S0 


7833 
7010 


775° 
6928 
G119 


7667 
6S47 
6039 


7584 
6765 
5959 


7502 
66S4 
5879 


5S<>> 


7337 
6522 
5720 


7255 
6442 
5041 


So 




248 
249 
250 


.06 


5561 

477S 
4000 


5482 
4697 
3923 


5403 
4G19 
3847 


53^4 
454' 
3770 


5246 
44G4 
3694 


S'^7 
3018 


5088 
4309 
3542 


5010 
4231 
34G6 


493' 
4' 54 
3390 


4853 
4077 
331S 


79 
78 
76 


■, 


251 
352 
853 


.06 


1751 


3'fi4 
2414 

;6;8 


30S8 
2340 
1605 


1532 


2937 
2192 
1459 


2S62 
211S 

1386 


2787 
2045 
1314 


27.2 
1971 
1241 


3Q37 
■ 89S 
..69 


2563 
1824 
109G 


75 
74 
73 


1 


2S4 

256 


.06 

.05 


1024 
□310 
9605 


0952 
0239 
953S 


0880 
o;S8 
9465 


0S09 
0097 

9395 


0737 
0027 
9326 


0666 
'9956 
9256 


0594 
♦9886 
9187 


0523 
•9B15 
9117 


0452 
"9745 
904S 


03S1 
•9675 
8979 


7' 
71 
70 




259 


.05 


89.0 

822S 

7557 


8841 
8160 
7490 


8773 
S093 
7424 


S704 
8025 

7357 


8636 
795S 
7291 


7225 


7824 
7 '59 


8432 
775 J 
7093 


S364 
7690 
7027 


S296 
7624 
6962 


6S 
67 
66 




260 
261 

362 


.05 


6896 
6243 
5602 


6830 
6179 
SS39 


6765 
6114 
5475 


G699 
6050 
5412 


6634 
5985 
5349 


0568 

nil 


(-503 
5857 
5223 


6438 
5793 
5160 


6173 
5729 
5097 


630S 
5666 
503 s 


66 
64 

63 




263 
264 

26s 


■OS 


4972 
434S 

3735 


4909 
4287 
367s 


4S47 
4223 
36F4 


4784 
41CJ 
3553 


4722 
3493 


4659 
4040 
3432 


4597 
3979 
3372 


4534 
39'S 
33'2 


4472 
3857 
3252 


4410 
3796 
3'92 


61 




266 
267 
26S 


■05 


3132 
253S 
'95' 


3073 
2479 
■893 


3013 
2420 
■835 


2953 
2361 
1777 


2894 
2302 
•719 


2834 

2243 
IG6I 


:6o4 


nil 

1546 


fit 
1489 


2597 
2009 
'43' 


6a 
59 
S8 




269 

270 
271 


.05 


0S05 
0244 


13'7 


.259 
0692 
o"33 


0636 
0077 


"45 
05S0 


1088 
0524 
+9966 


0468 
•9911 


0975 
0412 

'9856 


0,18 


0S62 
0300 
-9746 


57 
56 




272 
274 


.04 


9691 
9 '49 
8613 


9637 
9095 
S560 


9582 
9041 
8507 


9528 
B987 
8454 


9473 
8934 
S40' 


94' 9 
8880 
8343 


936s 
8826 
8295 


93" 
S773 
8242 


9257 
8719 
8189 


9203 
86(16 
S137 


54 

54 
53 




2JS 
276 
277 


.04 


8084 
7562 
7050 


8032 

75" 
6999 


7979 
7459 
6948 


7927 
740S 
6897 


7874 
7356 
6847 


7S22 

2Si 


7770 
7254 
6746 


77'S 
7203 
6S95 


7G66 
7152 
6645 


7614 
7101 

6594 


52 
51 
5' 




278 


,04 


6544 
604s 
SS54 


6494 
5996 
5506 


6444 
5946 
5457 


6394 


G344 
5848 
5360 


6294 
5799 
S3" 


6244 
5750 
5262 


6194 
570" 
5214 


6.44 
5652 
5'65 


^5 
5603 

5"7 


50 
49 
49 J 
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(K) Table OF Values OF [loooH-v] 3 H 


r-5 


« 


> 


' 


3 


4 


s 


6 


' ^ * i ' \m 


if 

37 
38 


2' -43 
'9-74 
1S.22 


21.26 
'9.58 
I8/1S 


21.08 
19-43 

17-94 


20.91 

19.27 
17.80 


20.74 


20.57 
1S.96 

17.52 


20.40 
iS,8i 
'7-39 


17-25 


20.07 
18.52 
17.12 


ill il 


1 


39 
40 
4< 


16.86 
'5-63 
'4-5' 


16-73 

•S-S' 

14.40 


16.60 
iS-39 
14.30 


1648 
15.28 
14.20 


16.J5 
'5-'7 
14.09 


16.23 

15.05 
'3-99 


1 6.10 

13-89 


15.98 
14.83 

■3-79 


■ 5-86 


iti il 




42 
43 
44 


1 3-497 
2.578 
'•739 


3.401 


3.306 

2.404 
T.S81 


3.I" 

2.318 
'■503 


3.119 

1.425 


3.027 
2.149 
1.348 


2-935 
2.06s 
1.272 


=.845 
'.983 
1.197 


2.7S5 
1.901 


:S m 


1 


45 

46 
47 


I 0.974 

0.274 

.1.632 


0.901 
0.207 
9.S7I 


0.S29 
0.141 

9.510 


0.757 
0.075 
9-45° 


0.686 
9^39° 


0.616 
•9.946 

9-331 


4:^ 

9.272 


0.478 
'9-819 

9.214 


'9-756 
9.156 


isi 3 


1 


48 
49 


9.04a 
8.500 


8.986 
S.448 


8.930 
8-397 


Si 


8.820 
8.295 


8.766 
S.245 


8.71. 

8.195 


8.658 
8.146 


8.605 
8.097 


iism 


1 




For Velocities 500 to 1999 f-s .see Table (F). ]| 




Z 


.1 2500 

23 '4 
213a 


2481 
2296 

2114 


2463 
2277 
2096 


2444 
2259 
2078 


2240 

2060 


2407 
2042 


2388 
2204 
2025 


nil 

2007 


235' 

2168 
19S9 


2333 »9 
1972 18 




103 

Z04 
JOS 


■ I "954 

1779 
i6dS 


.591 


1919 

•744 
1574 


1901 
1727 
'5S7 


1S84 
1710 
1540 


1 866 
.693 
'523 


1849 
1676 
1506 


.831 

'659 

1489 


1814 
1642 
1473 


llTs \l 

1456 I 




206 
207 
io8 


■■ 1439 
1274 
1113 


1423 

1258 

1097 


1406 
1241 
1081 


1389 
1225 

1065 


'373 
1209 
1049 


'356 
"93 
'033 


'340 
1177 
1017 


'323 
1161 


'307 

"45 
09S6 


1290 11 
1129 11 
0970 U 


1 


309 


.1 0954 
079S 
0645 


'>939 
07S3 


0923 
0767 
0615 


090; 
0752 
0600 


0892 
0736 
0585 


0876 
0570 


0860 
0706 
1555 


084s 

0690 
0540 


0829 
0675 
0525 


0814 ifij 
0660 15 
0510 15 


1 


J14 


.1 0495 
0348 
0204 


0480 
0333 
0190 


0465 
0319 
0176 


0451 
0304 


0436 
0290 
0147 


0421 
0276 
0133 


0407 
0261 
0119 


0392 
0247 


0377 
0233 
0090 


0363 IS 
021S I, 




2T7 


.1 0062 

.0 9923 

9786 


0048 
990.J 
9772 


0034 
9S95 
9759 


^82 
9746 


0006 
9S68 
9732 


9854 
9719 


9706 


9827 
9692 


•995' 
98>3 
9679 


•9937 14 
9S00 14 

9665 13 


■ 


2lg 

2ig 


.0 965= 
9521 
9391 


9639 
9508 
9378 


9625 
9495 
9365 


9612 
94B2 
9352 


9599 
9469 
9340 


9586 
9456 
9327 


9573 
9443 
93'5 


9560 
9430 
9302 


9547 
9417 
9290 


9534 13 
9404 »J 
9277 >3 


1 


3*3 


.0 9265 
9140 
gol8 


9252 

9128 
9006 


9240 
9116 
8994 


9227 
9103 
8982 


9215 


9202 
9079 
S958 


9190 
9067 
S946 


9177 
9055 
8934 


9'65 
9042 
8922 


9152 12 
9030 i> 
8910 12 


1 


1 


A.S89S 

nil 


8886 
8768 
8652 


8874 
8756 
8640 


8362 


8850 


8838 
8fc6 


S826 
8709 
8595 


8814 
8698 

8583 


8803 
8686 
8572 


879' I* 
8675 11' 
8560 It 




""2 

219 


8327 


8538 
8426 
8ji6 


8526 
84- 5 
8305 


8295 


8504 
8393 
8284 


8493 
83S2 
8273 


8482 
837' 
S262 


8470 

8360 

825, 


S459 
8349 
824' 


844S II 
8338 U 
8230 It 


ft 


230 


.0 8219 

8..3 

SoaS 


8208 
799S 


8198 

7^8 


81S7 
80S2 

7977 


8176 
S071 
7967 


8166 
8062 
79S7 


8.55 
8050 
7947 


Si 44 
Sojy 
7936 


8:34 
8029 
7926 


8123 It 
801 9 ic 

79'6 It 


m 




^ 1 


H 


^^^^i. 1 





^H 






(K) Tahle of Values of [iooo^-v]' |H 


V 

r-s 





• 


^ 


3 


4 


5 


6 


7 


S 


9 


DifT. 


233 

2J4 

23S 


■° 


7S0S 
7705 


789s 
7795 

76y6 


7885 
7785 
7686 


7875 
777S 
7(176 


7S65 
77S5 
76(16 


7855 

7755 
7656 


7845 
7745 
7647 


7S35 
773 S 
7''37 


7825 
7725 
7657 


78.5 
77'5 
761S 






2j6 


.07 


6079 
5120 
4'77 


5982 
5025 
40S4 


5S86 
4930 
399' 


57S9 
483 s 
3S9S 


5693 
474' 
3805 


nil 

37'2 


55"' 
4552 
3t"9 


5406 
445S 

3527 


53'o 
4364 
3434 


5215 
4271 
3342 


96 

95 
93 




2J9 

240 
241 


.07 


3^5° 
2338 
1441 


3158 
224s 
1352 


30O6 
2,5s 
'263 


2974 
2068 
"75 


2S83 
•978 
10S6 


2792 
0998 


2701 
■798 
oyio 


2610 


2519 
1619 
0734 


2429 
'53° 
0647 


91 
90 




242 
243 

244 


.07 
.06 


0559 


0472 
9606 
S754 


0385 


0298 


9349 
K50[ 


0124 
9263 
S417 


003S 
9178 
8333 


■995' 
9093 
8250 


♦9S65 
9008 
811^6 


•9778 


84 




J45 
246 

»47 


.06 


7999 
7173 
636. 


79.6 
7091 
6280 


7833 

7010 


7750 
692K 
61T9 


76r,7 
6S47 
6039 


75S4 
6765 
5959 


7502 
6084 
5879 


74 '9 
6603 
5800 


7337 
6522 
5720 


564: 


80 




24S 
149 
250 


.06 


SS6. 
4775 
4000 


548^ 
4697 
3923 


5403 
4619 

3847 


53H 
4541 
3770 


5346 
44C4 
3''94 


5167 


5088 
4309 
354= 


5010 
4231 
346(5 


493' 
4' 54 
3390 


4853 
4077 
33' 5 


79 
78 
76 


K 


25' 

*S3 


.06 


3239 
24B8 
1751 


3 '64 

2414 
1678 


30S8 
2340 

1605 


SI 

■ 53^ 


2937 
2192 
'459 


aS62 
1386 


27S7 
2045 
i3'4 


2712 
1971 
1241 


2S37 
,898 
1169 


256J 
T824 
1096 


75 
74 
73 


1 


^54 
=55 

256 


.06 
.05 


1024 
0310 
9605 


0952 
0239 
9S3S 


0S80 
0I6S 

9465 


0S09 
Q097 
9395 


0737 

OQ27 

93 2O 


0666 
■9956 
9256 


0594 
♦9S86 
9187 


0523 
*9S15 
9117 


0453 
*9745 
904S 


03S. 
*9675 
8979 


7' 
70 




III 

259 


.05 


89 lO 

7S57 


8841 
S160 
7490 


8773 
S093 

7424 


8704 
7357 


8636 
795S 
7291 


8S68 
7891 
7225 


8500 
7824 
7'59 


S432 

7757 
7093 


83O4 
7690 
7027 


S296 
7624 
6962 


68 
67 
66 




a6o 
961 


.OS 


6896 
6243 

5602 


6K30 
<>'79 
5S39 


6765 

6114 
5475 


6699 
6050 
5412 


6634 
5985 
5349 


6568 


5857 
5223 


O433 
5793 
5160 


6)73 
57-^9 
5097 


G308 
S66G 

5"35 


66 
64 
63 




=6J 

764 
;6s 


.05 


4972 
4348 

373S 


4909 
4287 
3675 


4847 
422s 
36'4 


4784 
4't.j 
3553 


4722 
3493 


4659 
4040 
3432 


4597 
3979 
3J72 


4534 
39'8 
3312 


4472 
3S57 
3252 


4410 
3796 
3192 


61 




366 
«8 


■05 


3'3= 
2538 
195' 


3073 
2479 
'893 


3013 
2420 
•835 


=953 
23(11 
1777 


2894 
2302 
17.9 


2S34 

2243 

1661 


2775 
2185 
1604 


nil 

iS4e 


IT. 
.489 


2597 
2009 
'431 


60 
59 
58 




270 


■05 


as 

0244 


1317 


1259 

0692 

o'J3 


0636 
0077 


"45 
05S0 


0524 
'9966 


046S 
*99ll 


0975 
0412 
•9856 


0918 
0356 
•9801 


0S62 
0300 
'9746 


57 
5fi 
56 




»7» 
=7J 
•74 


.04 


9O9. 
9 '49 
SS13 


9095 
8560 


95S2 
9041 
8507 


9528 
8987 
8454 


9473 
8934 
840' 


9419 
S880 

8348 


93^5 
8B26 
8295 


93" 
8773 
8242 


9257 
8719 

S.Sg 


nil 
8137 


54 
54 
53 




275 
276 
277 


.04 


8084 
7562 
7050 


8032 
75" 
6999 


7979 
7459 
6948 


7927 
7408 
6S97 


7874 


7822 
7305 
6796 


7770 
7254 
6746 


771S 
7203 
6695 


7666 
7152 
6645 


7614 
7101 
6594 


52 

5' 
5' 




27s 


.04 


6544 
6045 
5554 


6494 
5996 
S5t* 


6444 
594(i 
5457 


6394 
5S97 
5408 


5360 


6294 

5799 


6244 
575° 


6194 
5701 


6144 
5652 


6095 
5603 


SO 




ta 
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^■1 (L) Table oi- Values of 'l\ ^M 
^M Projectiles with Ogival Heads. H 


I v| 





. 


« 


3 


4 


5 


6 


7 


8 


9 DU 


1 


if 


7S'4 

91.1 

1 04.1 


77.1 
92.S 
05.4 


78.8 
93-9 

06.6 


80.4 
95-3 
07.7 


S2.1 
96.6 
0S.9 


83.6 
9S.0 


85.2 

99.3 


86.7 
-0.$ 


88.2 
-1.8 
13.2 


sT? '■« 
'4-3 "■■ 


1^ 


33.' 


.&.3 


34.6 


.8.3 

27-4 

JS-3 


19.3 

2S.J 

36., 


20.3 


29.9 
37^5 


i 


23.0 
31-5 
3S.9 


23^9 "■2 
32.3 S 

39-6 .7 


■ 


|6 

'7 


14 o.z8 
6,64 

15 a.i9 


0.9a 

7-2A 
z.8a 


..Ca 

7.8. 
3-35 


2.27 
8.40 

3-87 


IS 


3.S6 
9.55 
4.89 


4.19 
5,39 


4.81 
0.66 
S.89 


5-43 
6!38 


6.04 .6^ 
'■75 -51 
6.87 .5* 




lit 


•5 7.3s 

IC 1,90 

6,0a 


7.83 
2-33 
6.41 


S 


S.77 
3.18 

7.18 


9.23 
3.60 
7.56 


9.69 
4.01 
7-94 


1.14 
4.42 
8.3, 


".50 

tii 


'.03 
5.23 
9.04 


■-47 ■4< 
5-63 ■4' 
9.40 .38 




14 


16 9.76 

17 3.IS 

6.5, 


3-Si 

6.61 


0.47 
J-83 
6.91 


-.82 
4.15 
7.20 


■ .17 

4-47 
7.49 


"I 

7.78 


..85 
S.09 
8.07 


'.19 
5.40 

8^3 5 


..52 
S-7' 
8.64 


= .85 34 
6.01 .3K 
8.92 .29 


■ 


27 


17 9.19 

iK 1.1^6 

4-33 


9-47 
4-55 


9-74 
a.36 
4-79 


2.61 

S.01 


0.28 
2.SG 
5.25 


=-5S 
31' 
S.48 


= .82 

3.36 
S.7' 


1.08 
3^6o 
5-94 


'■34 

3-84 
6.16 


<.0o aj 
4.08 .25 
6.38 ■a; 


1 


2S 

29 

30 


iS 6.60 

S.73 

190.72 


6.Sz 
8.94 
0.91 


7.04 
9-'4 


7.26 
9.35 
1.Z9 


7-47 
9.5 5 
1.48 


7.65 


7.90 
9-94 
1.85 


0.14 

2.03 


8.32 
"■34 


8.53 M 
"■53 -« 
2.40 .If 


1 


3' 

32 
33 


19 2-S8 
4-32 
S.9S 


2.70 
4.4S 
6.ti 


6.27 


6.4a 


3.39 
4.9a 
6.5s 


346 
'41 


3.(i3 
5-3' 
6.88 


3.S. 
5.47 
7.04 


3,97 
5.63 
7.19 


4^i5 ■•* 
579 '6 
7^34 -'S 




34 

35 
36 


19 7.49 
8.94 

20 0.30 


9!oS 
0-43 


7.79 
9.21 
0.56 


7-93 
9.3s 
0.69 


8.08 
9-49 
0.S3 


S.22 

9.63 
0.9s 


8.37 
9.76 
>.o8 


8.5. 

9.90 


S.6S 
°.03 
'-33 


8.79 ■'! 
0.17 .14 
1.46 .13 


1 


39 


3.95 


1-71 

2.91 
4.06 


..83 
3.04 
4-17 


.,96 
3.15 

4.28 


2.0S 
3-37 
4-39 


3-3S 

4-50 


2.32 
3^5o 
4.60 


IS 

4.71 


2.56 
3-72 
4.82 


2.6S At 

3.84 Aa 
4.92 .11 




40 
41 

42 


"IS 

7-03 


S-'3 

6.16 
7.1Z 


r4 

7,23 


5.34 
6.35 
7.31 


5-45 
6.45 
7.40 


5-55 
6-55 
749 


5-65 
6.65 
7-59 


5-75 
6.74 
7.6S 


5^85 
6.84 
7-77 


5,96 .la 
6.93 .10 
7.S6 .09 


1 


43 

44 
4S 


20 7.9S 
8,S3 
9.66 


8.04 
S.91 
9.74 


8.13 

9.00 

9-82 


8.22 
9.08 
9.91 


8.31 
9.'7 
9-99 


8.39 
9.2s 
0.07 


8.48 
9-33 
0.14 


8,57 
9-42 


8.66 
9.50 
0.30 


8.74 .09 


1 


46 
47 
48 


21 0.46 

'■95 


O.S4 
1.29 


0.61 
'■37 
2.09 


0.69 
1.44 
2,16 


0.77 
1.52 
2.23 


0.84 
■■59 
2.30 


o.gz 
2^37 


'-73 
2.44 


1.07 
i.Si 
2.51 


..ss .01 


1 


49 
5° 
51 


21 ..65 


3:5 

4.02 


2.;8 
3.4s 
4.08 


2.8s 

3-5' 
4-iS 


2.92 

3-S8 
4.21 


It 

4.27 


3.0s 
3-71 
4-33 


3-'2 

3-77 
4-39 


4.46 


3-25 Q 


L 






^ 


^^^M 
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p 








(M) Table oi-- Values of S,. V 






Projectiles with Ogival Heads. ■ 


v 


« 


• 


^ 


3 


4 


S 6 


7 


8 


9 


Diff. 


f-. 


r«i. 


r«i. 


(cr,. 


(«i. 


f=«. 


FccL. feet. 


r«i. 


t«i. 


r«i. 


+ 




;■ 


1066 
»7iS 

4220 


■ 238 
2871 
43&J 


1409 
3020 
4506 


'573 
3<So 
4G47 


'745 
333J 

4787 


1910 

3484 
49^6 


2074 
3^33 
5064 


2236 

3782 
5200 


2397 
3929 
5336 


2557 
4°75 
5471 


t66 

'51 

'39 




"3 
'S 


61JS6 
8079 


5737 
7«-) 
8 194 


586f, 
7'3a 
8309 


5999 


6129 
7373 
8535 


62S7 
7493 
8647 


6385 
76.2 
875s 


65.1 

7730 

8868 


6637 


67fi2 
7964 
90S7 


129 




'i 


91 9& 

1 0244 

1230 


9304 
0346 
'3zC 


94" 
0447 
1431 


95'7 
0546 
.5.6 


9623 
0645 
1610 


97^8 
0743 
1704 


9833 
084. 
'797 


9937 
0939 
1S90 


0040 
1037 
1982 


= 142 
"34 
2074 


105 

98 
94 




'9 


1 2165 
3052 
3890 


3 '39 
3979 


2346 
3224 
4060 


2436 


2525 
3395 
4^=3 


2614 
3480 
4303 


1703 
3564 
4384 


2791 

364S 
4463 


287S 
3731 
4543 


IS 

4622 


89 
85 
Si 




11 


1 4701 
547" 
6206 


4779 
5545 
6278 


4857 
51,20 
6350 


4935 
5694 
6421 


50'3 
5768 
649 z 


5090 
6563 


S>67 
59 '<5 
6633 


5244 

5989 
6703 


53'9 
6061 
6773 


5395 
'''34 
6S43 


77 
74 
7" 




*7 


1 6912 

7591 
8^44 


69S1 
7657 
830S 


7050 
7723 
837' 


7"9 
7789 
8435 


7187 
7855 
8498 


7255 
7920 
856. 


732J 
7ySS 
S624 


7390 
8050 
S68f) 


S749 


75^4 
8' 79 


68 




iS 
it9 

,30 


1 8873 
9480 

2 0067 


8935 
954" 
0124 


8996 
9599 
oiSi 


9057 
965s 
0239 


9MS 
97'7 
0296 


9' 79 
977G 
0352 


9240 
9831 
0409 


9300 
9893 
0465 


9360 
995' 
0521 


9420 
0578 


61 

59 
57 




3« 
33 


2 0634 
17.4 


06S9 

I23t' 

17O6 


0745 
izyo 
1S18 


0800 
1344 
1870 


0S55 
'397 
1922 


0910 
1450 
'973 


0965 
1503 
2025 


2076 


1074 
1609 
2137 


"28 

1661 

2178 


55 
53 
52 




34 


2728 
3213 


22S0 
2778 
3260 


330S 


2380 
2S75 
3355 


243' 
2924 
3402 


248' 
2972 
3449 


253' 
3021 
349& 


25S0 
3069 
3543 


2630 

3"7 
3589 


2679 

'£1 


50 
49 
47 




11 

39 


2 3682 
4137 
4579 


372S 
4182 
4623 


3774 
4227 
4666 


3820 
4271 
4709 


3866 
43 'C 
4752 


3911 
43O0 
4795 


3957 
4404 
4838 


4002 
4448 
48S1 


4047 
4492 
4923 


4093 


46 
44 
43 




40 

41 
42 


2 500S 
5424 
5828 


5050 
5465 
5867 


5092 
5506 
5907 


5134 

5S4'J 
5946 


5.7G 
5587 
59S6 


S2'S 


5259 
5668 
6064 


530' 


5342 

5748 
6142 


5383 
5788 

6i8i 


42 
40 
39 




43 
44 
45 


2 6220 
G601 
6973 


6258 
6639 
7009 


6297 
C676 
7046 


6335 
6714 
7082 


6374 
675' 
7"9 


64.2 
678S 

7'55 


6450 
6H25 
7191 


64&S 
6862 
7227 


6526 
6S99 
7263 


6564 
6936 
7299 


38 

P 




46 
47 
4S 


2 7335 
7689 


737' 
7724 
Sa6<) 


7407 
7759 
8 103 


7442 
7794 
S137 


7478 
7828 
8171 


7513 

7863 
S20S 


754S 
7897 
8239 


7584 
S?;2 




7654 
8001 
8340 


35 

35 
34 




49 
5» 


2 3373 
8704 
9029 


S407 
8737 
9061 


8440 
S770 
9t»93 


8473 
9125 


85015 
8835 
9'57 


8868 
9189 


8573 
8900 
9221 


8006 
8932 
9253 


9284 


8672 
8997 
93'6 


33 
33 
32 
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(L) Table op Values of T,. V 


V 







^ 


3 


4 


5 


6 ! 7 


8 


9 






5* 
53 
54 


" 4-577 
5- 17^ 
5-745 


4.6J8 
5-»30 
S.801 


4,69s 

S.2BS 
S-»S7 


4.758 
5-346 

5.9 13 


4.81 8 
S.404 
5.969 


4.877 
5.461 
6.024 


4.937 
5.5 '8 
6.079 


4.99<1 
1-575 
6.134 


5-05S 


i 




m. 


57 


21 6.J98 
6.831 
7.346 


6.8S3 

7-397 


6.406 
6.936 

7-447 


6.460 

6.987 
7-497 


6.514 
7.039 

7-547 


6.567 
7.091 
7-597 


6,620 
7.142 
7.647 


6.673 
7-' 93 
7.696 


6.726 

7-244 

7.746 


6.779 

7-295 

7.795 




■ 


58 
59 
60 


11 7.S44 
8-327 
S.796 


7-893 


7.94s 
8.422 
8.8S8 


7-990 
8.4&J 
8-933 


S.039 
8.516 

8.979 


S.0S7 
8.563 
9.025 


8.136 
8.610 
9.070 


8.1 84 
8.657 
9.115 


8.232 
8-703 
9.160 


8.279 
8.749 
9.205 






6l 
63 


zi 9.250 
9,691 

23 0.118 


9.295 

9.734 
0.160 


9.339 

9.777 


9.384 
9.820 
0.144 


9.42S 
9.863 
0.286 


9.472 
9.906 
0.327 


9.516 
9,949 
0.369 


9.560 
9.99' 
0.410 


9.604 
0.034 
0.451 


0.492 




1 


64 


2^ 0.53J 

0.93" 

1.3^7 


0.574 
0.976 
1.365 


0.615 

1.015 
1.403 


0.655 

1.054 
1.443 


0.69O 
1,094 
1.4S0 


0.736 
r.133 
1.518 


0.776 
1.172 
'.556 


0.816 
■.593 


0.S56 
..250 
i.6ji 


0.896 
1.6C& 




1 


67 

68 
69 


22 ..706 

2.074 
2.43s 


1.743 


1.7S0 
2.147 
2.503 


1.81S 
2. .S3 
2.538 


1.855 

2.219 
1.573 


■ .S91 

2.255 

2.608 


1.928 
2.290 
2.642 


1.965 
2.326 
2.677 


2:361 

2.712 


2,038 
2.397 
2.746 




w 


70 
71 
7^ 


22 2.781 

3.120 

3-449 


2.S15 
3-' 53 

3-482 


2.849 
3.186 
3.5'4 


2.883 
3.220 
3-S46 


2.917 

3-253 
3-578 


2.95' 

3.286 
3.611 


2.9S5 
3.3 '9 
3.642 


3J3I9 
3.674 


3-053 
3.3B4 
3.706 


3.0S6 
3.417 

3.738 






73 
74 

75 


2T 3.l6g 
4.oSo 
4-3Sj 


3.80. 
4^4' 3 


3-833 
4.142 
4-442 


3.S64 
4.172 
4.473 


3.895 
4.202 
4.501 


3.926 
4.233 

4.53' 


3.957 
4.263 
4.560 


3.9S8 
4-293 
4-590 


4.019 
4-323 
4-619 


4.050 






76 


22 4.677 
4.962 
5-239 


4.706 
4-991 
5.267 


4.73 s 
5.°' 9 
5.294 


4.764 
S-046 
5.321 


4.792 
5.074 
S.348 


4.821 
5.102 
5-375 


4.849 
5. '30 
5.402 


4.878 
S.'57 
5.428 


4-906 
5.185 
5-455 


4.934 






79 
80 
8i 


22 S.50S 


5-534 
5.794 
6.046 


5.561 

5.S20 
6.071 


5-587 


S.613 
5.87' 

6.121 


5.639 
5.896 

6. MS 


S.66S 


S.691 
5-946 
6.194 


S-717 
5-971 
6.218 


S.743 
S.997 
6.243 




i 


S2 

is 


22 5.267 
6.504 
6.734 


6.291 
6.528 
6.756 


6.3" 5 
6.55' 
6.779 


6.339 

IS 


6-363 

till 


6.387 
6.620 
6.845 


6.4.0 
6.643 
6.868 


6.434 
6.666 
6.a>jo 


6.45S 
6.689 
6.91. 


6.481 
6.711 
6.933 




1 


87 


22 6.955 
7.169 
7-375 


6.977 
7.190 
7-395 


6.998 
7.211 
7.4 'fi 


7,020 
7.232 
7-436 


7,042 
7,252 
7.456 


7.063 
7.273 
7.476 


7.084 
7.294 
7.496 


7.106 
7-3 '4 
7.516 


7.127 
7.33s 
7.535 


7.148 
7-355 
7-555 




1 


8.J 
90 


22 7-575 
7.76S 
7-954 


7.594 
7.787 
7.973 


7.99' 


7.633 
7.834 
8.009 


7.653 
7-S43 
S.027 


7.672 
7.862 
8.045 


8.063 


7.S99 
8.0S1 


7.730 
7.918 
8.099 


7.749 




1 


91 

93 


22 8.135 
a.309 
S.47S 


8.152 
8.326 
8.494 


S.170 
8.343 
8.511 


8.188 
8.360 
8.527 


8.205 

8.377 

8.544 


S.223 

8.394 
8.560 


8.240 
S.411 
8.576 


IS 

8.593 


8.275 
8.445 
S.609 


8.625 




1 


94 
95 
gf> 


22 8.G41 
8.799 
8-953 


8.657 
8.815 
8.968 


8.073 
3.831 
8.983 


8.689 
8.846 
8.998 


8-705 
8.861 
9-D»3 


8.721 
8.S77 
9.028 


8.737 

8.892 
9.043 


8.753 
8.907 
9.057 


8.76B 
^■923 
9.072 


8.784 
8.93S 
9.087 




1 


97 
9S 
99 


22 9.101 
9.24.5 
9-3B5 


9.116 
9.360 
9.399 


9. '31 

9.274 

94'3 


9.H5 
9.28S 
9.426 


9.160 
9.302 
9.440 


9.' 74 
9.3 '6 
9.453 


9.1 88 
9.330 
9.467 


9.203 
9.344 
9.481 


9.2.7 
9.358 
9.494 


9.33' 
9.37' 
9.507 




1 


■ 
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m 


^M 




^B 


f 


(M) Table of Values of S,. ■ 


V 


„ 


. . . 3 1 , 


s! ^ 


7 


s 


9 


DiFT. 




fs 


t«i. 


fc«. 


r„.. 


fccl. 


r«i. 


f«., 


reel, 


f«i. 


ka. 


l«i. 


+ 




S3 

54 


a 9347 
9660 
9966 


9379 
9691 
9997 


9410 
9721 

«027 


9442 
9752 
0057 


9473 

tin 


9504 
9814 
= iiS 


9535 
9844 
= 148 


9567 

nil 


959S 


9629 
9936 
"238 


3' 

3T 




57 


3 0268 


0298 
0883 




0357 
oGsi 
0941 


HE 


0416 
0710 
0998 


0446 
0739 
1027 


0768 
105s 


0505 


°534 
0826 


29 
29 




S8 
59 
6a 


3 i'4i 

'423 
■ 701 


11O9 
'45' 
173" 


1479 
'757 


1226 
'S07 
.785 


1254 


1283 

1563 
1840 


1591 
1867 


1339 
1619 
1895 


1922 


1395 
1674 
1949 


28 
28 
28 




61 
6a 
63 


3 1977 

2247 

2SM 


2274 
2541 


2031 
2301 
2567 


2058 
2328 
2594 


20S5 

Z3S5 
2620 


23S? 

2646 


2139 
2673 


2i66 
2435 
2699 


2725 


2488 
2751 


27 
27 

26 




64 

II 


3 2778 
3037 
3*93 


2804 
3063 
33'8 


2S30 
3089 
3344 


2856 
3114 
33^9 


2882 
3'4o 
3394 


2908 

3'6S 
3419 


2934 
3'9' 
3445 


2960 
32'7 
3470 


2985 
3342 

3495 


3011 
3267 
3520 


26 

26 

25 




67 
6S 
69 


3 3545 
3793 
4038 


nil 

4063 


408; 


3620 
3S67 


3645 


JS70 
39'^ 
4160 


3694 
3941 
41 84 


3719 
3965 
4208 


3744 
3990 
4232 


3769 
4014 
4256 


25 

25 
24 




70 
7' 
71 


3 42S0 
45 '9 
4755 


4305 
4543 
4778 


43^9 
45^7 
480; 


4352 


437e 

4614 

4848 


4400 
4637 
4871 


4424 
466 [ 
4894 


4448 
46B4 
49' 7 


447^ 
4708 
4941 


4496 
4964 


24 
24 
23 




73 
74 
75 


34987 
52'S 

544" 


5010 
5238 
5463 


lis 

5485 


It 

5507 


507a 
5306 
5529 


5101 
532S 
5552 


5124 
535' 
5574 


5147 
5373 
5596 


5 ■70 
5395 
5618 


5192 
S4.8 
5640 


23 
23 




76 

77 
7B 


3 $662 
5880 
609s 


5684 
5902 


5706 
59*4 
6137 


5728 
5945 
6158 


575° 
5967 
6180 


577^ 
5988 
6201 


St 

6122 


6243 


5837 
6264 


6074 
6285 


T. 




79 
So 
8t 


3 6306 
6513 
6716 


6326 


6347 
6554 
6756 


6368 
6574 
6777 


63S9 
6594 
6797 


68.7 


6430 
6635 
6837 


645' 
^655 
6856 


047' 
6676 
6876 


6492 
6696 
6896 


10 




82 


3 69.6 
7112 
7303 


6936 
7131 
7322 


6956 
7150 
734' 


6975 
7170 
7360 


7378 


7014 
7208 
7397 


7034 
7227 
7416 


7053 
7246 
7434 


7073 
726S 
7453 


7092 
7284 
7472 


19 
18 




87 


3 7490 
7672 
785' 


ii 


7527 
7708 
7886 


7545 
7726 
7903 


75^4 
7744 
7921 


7582 
7762 
7933 


7600 
7780 
7956 


761S 
7,798 
7973 


7636 
7815 
7990 


7654 


t8 
18 
17 




SS 
89 
90 


3 8oas 


8212 
8378 


8059 
8229 
8394 


S075 
8245 
8411 


8093 
8262 
8427 


S279 
S443 


S127 
8295 
S460 


8,44 
S312 
8476 


8:61 
8329 
849* 


8,,8 


'7 




9« 
93 


'till 
8839 


8540 
8699 
885 s 


8556 


8572 


8588 
8?46 
8901 


8604 
8762 
8916 


8620 
8778 
8931 


8636 
8793 
8947 


865^ 
S809 
8962 


8668 
8824 
8977 


16 
16 
'5 




94 

95 
96 


3 8993 
9141 
9287 


9007 

9'S6 
9302 


9022 
917. 
93 '6 


9037 
91 SS 
933' 


9052 
9345 


9067 
9215 
9359 


9082 
9229 
9374 


9097 
9244 
938B 


9:12 
9258 
9402 


9126 
9273 
9416 


'S 
IS 

14 




97 
98 
99 


3 943" 
957> 
9708 


9445 
958s 

9722 


9459 
9599 
9735 


9473 
9612 
9749 


9487 
9763 


9501 
9640 
9776 


9515 
9654 
9789 


9529 
9667 
9803 


9543 
96S1 
9816 


9830 


1 


m 


■ 


M 





1 


(L) Table of Values of T,. 


5 


1 


V 





. 


« 


3 


4 


5 <■ 


7 


8 


9 


^1 


2*0. 5207 
6522 
7796 


i 

7921 


5473 
6780 
8046 


8170 


5738 
7036 
8294 


5869 


6D01 

7291 
8540 


7418 
8662 


6262 
8783 


6392 


a 


■ 


105 


219. 9014 


9:44 
0287 
'525 


9262 
0396 
1423 


93S0 
0504 


9496 
0610 
'6.5 


9612 
0716 
1710 


9727 
0820 
1804 


9841 
0923 
1897 


9954 


°o66 
1126 
2079 


'3 


■ 


i"6 
107 


2jO. 2170 
303' 
383s 


2259 

3"4 
39'3 


2347 
3'96 
3990 


243s 
3278 
4067 


2522 
3359 

4113 


3439 
4219 


2694 
3520 

4295 


2780 
3599 
4370 


2S64 
3678 

4445 


2948 
3757 
45'9 


s 




itt) 


230- 4593 
S3I4 
6004 


4667 


4740 
5454 

6139 


4813 


4885 
5593 
6272 


tig 

1^339 


5030 
S73' 
6405 


5101 


IS 

S537 


5936 

6603 


il 




J "J 


2j(.. 6668 
73" 
753fi 


6733 
7374 
7997 


6798 

7437 
80S9 


6863 
7500 

Si 20 


G92S 
7563 
S181 


6992 
7625 
8242 


768S 
8303 


7120 
7750 
S364 


7184 
78.2 
8424 


7248 


62 H 




117 


9142 
y72o 


860s 

gaoo 
9777 


8665 
9259 
9833 


8726 
9890 


8787 
9375 
9947 


8847 
9433 
0003 


8906 
9490 
0059 


S965 

9548 
""5 


9024 
9605 
0171 


9083 
9663 
0227 


il 




118 
119 


2jl. 028J 
0832 
IJ67 


"338 
08S6 
1420 


0394 
0940 
1473 


0449 
0994 
'5^5 


0504 
.04S 
'578 


0559 
1630 


06,4 


0669 
1208 
1734 


0733 
1261 
1786 


0778 
'3'4 

1838 


il 




"J 


2j.. 1SS9 


194. 
2449 
2945 


'992 

2499 
2994 


2043 
2549 
3043 


2095 
2599 
3091 


2146 
2649 
3'40 


il 


2247 

2748 
3237 


2298 
3797 
3285 


2348 
2B47 
3333 


51H 




124 

\3. 


231- 3381 
3855 

43'K 


3429 
3902 
4364 


3477 
3948 
4410 


3524 
3995 
4455 


3572 
4041 
45°' 


5»' 

4546 


3667 
4134 

459' 


37'4 
4180 
4636 


376. 
4226 
4681 


3808 
4272 
4726 


II 




117 

12« 

mi) 


2jl, 477" 
5^14 
5647 


4S.6 
5257 
5690 


4S60 
53f" 
573' 


4905 
5345 
5775 


5818 


4993 

543' 
5860 


5038 
5475 
5902 


50S2 
55'8 
5945 


5126 
556' 
5987 


5170 
5604 
6029 


43 jH 




132 


3ji. 6071 
64S6 
689J 


6M3 
5527 
6933 


6973 


6196 
6609 
7013 


6238 
6650 
7053 


6280 
6690 
7093 


6321 
673' 
7'33 


6362 
6772 
7173 


6404 
6S12 

7212 


6445 
6852 
7252 


42 H 




'33 
'34 
'35 


231. 7291 


733' 
8104 


7370 
7760 
8142 


7410 
7798 
S179 


7449 
7837 
8217 


7488 


7527 
7913 
8292 


7566 
7952 
8330 


7605 
7990 
8367 


J644 
S02S 
8405 


il| 




136 


9175 


8479 
884S 
9211 


85 '7 
8885 
9247 


8554 
S92. 
92S2 


859' 
8958 
93'8 


8628 
8994 
9354 


8665 
9030 
9390 


8702 
9067 
9425 


8738 
9103 
9461 


S775 
9 '39 
9496 


37 M 




'39 

140 
141 


231- 9532 

9883 

232. 0228 


9567 
99.8 
0263 


9602 
9952 
0297 


9638 
9987 


9673 
0365 


970B 
0056 
0399 


9743 
= 091 
0433 


9778 
°:2S 
0467 


9S13 
0160 
0501 


9848 
"'94 
OS35 


34 H 


1 


142 
143 
•44 


232. 0569 
0904 
1234 


si 


0636 
0970 
1299 


0670 
1332 


0703 


'397 


0770 
1430 


0804 
"35 
1462 


0837 
1168 
1494 


0870 
1527 


34 » 


1 


'47 


2197 


'59' 

I9I2 

2228 


.624 
1944 
2260 


1656 

'975 
2291 


1688 
2007 
2322 


1720 
2039 
2354 


'752 


■784 
2416 


1816 
2134 
^447 


■ 848 
2478 


32 jH 


1 


^^^^^^^^^^^^^ 


^ 



- „.„...... 1 


V 







2 


3 i 4 


5 


6 


7 


8 


9 


Diff. 


;9 


39 842.9 

975.0 
40 104.3 


117.1 


869.6 
129.8 


882.9 
014.1 
142.5 


896.. 

= 27-1 

■55-2 


909-3 
040.0 
167.8 


feet. 

922.5 


192.9 


948.9 
078.7 
205-4 


f«t. 
961.9 
-91.5 
217.8 


+ 
>3.3 

12.9 

12.6 


103 
104 

'°5 


40 230,1 
3494 
459.1 


242.4 
360.8 
469.6 


254-6 
372.2 
479-9 


266.8 

383-4 

490.0 


278.8 
394-5 
500.1 


290-S 
405.6 
5'0.i 


302.7 
416.5 
520.0 


3 '4.5 
Si 


326.2 
43B.1 
539-5 


337.8 
448.7 
549.2 


11.9 
9.9 


106 
108 


40 558-7 


568.2 
659.3 
745.2 


753-6 


761.9 


596.2 
685.6 
770.2 


605.4 
704.2 
77S.4 


614.5 
702.8 
786.6 


623.6 

711-4 

794.8 


632.6 
719.9 
802.9 


641.6 
728.4 
811.0 


9.2 

8.6 

8.2 


109 


40 SI9.0 
S97.9 
974.2 


827.1 
905.7 
981.6 


835-0 
913-4 
989.1 


843-0 
921.1 
996.6 


850.9 
928.7 
°O4-0 


858.9 
936.4 
011.4 


866.7 
944.0 
018.8 


874-6 
951.5 
026.3 


959-1 
-33.5 


890.2 
966.6 
040.9 


7.9 
7.6 
74 


"3 

114 


41 048.2 

iao.5 
191.4 


055-5 


062.8 
,34.8 
205.4 


070.0 
141.9 
212.4 


077-3 
,49.0 
2.9.4 


084.5 
156.1 
226.4 


09..7 
163.2 
233.3 


099.0 
170,2 
240.3 


106.1 
177-3 
247.2 


254.1 


7.2 

7-1 
7.0 


117 


41 161.0 
329-5 
396-8 


267.9 
336-3 
403.5 


274.8 
343-' 
410.1 


281.7 


288.6 
356.6 
423-4 


295-4 
363-3 
430,0 


302.3 
370,0 
436.6 


309.1 
376.7 
443.2 


3' 5-9 
383.4 
449-8 


322.7 
390.1 
456.4 


6.8 

6.7 
6.6 


MS 
119 


41 462.9 
528.0 
S9>-9 


469-5 
534.4 
598.3 


476.0 
540.9 
604.6 


482.6 

|«-3 


489-' 
553-7 
617-2 


495.6 
560.. 
623.5 


502.1 
566.5 
629.8 


508.6 
572.9 
636.1 


515.' 


II 


6.3 


"3 


41 654.8 
716.7 
777.5 


661.1 
722.8 
783.6 


667.3 
728.9 
789.6 


673-5 
735.0 
795-6 


679.7 
741,1 
801,6 


685.9 
747-2 
807.6 


692.1 


698.2 
759.4 
819,6 


704.4 
765-4 
825,6 


710,5 

771-5 
831-5 


6.2 
6.1 
6.0 


124 

"I 


4> 837.S 
954-6 


S43.4 
902.3 
960.4 


966.1 


855-3 
914.0 
971.9 


861.2 
919.8 
977.6 


867.. 
925.6 
983-3 


873-0 
989.0 


878.9 
937.3 
994-8 


S84.S 
943-0 
000.5 


890.6 
948.8 
006.2 


S-7 


"I 

1Z9 


42 011.8 
068.3 
123.9 


017.5 
073.9 
129.4 


023.2 
079.5 

'35-0 


02S.9 
085.0 
140,5 


034-5 
090.6 
146.0 


040.2 
096.2 
'5'-5 


157.0 


051.4 
107.3 
162.4 


057.0 
112,9 
167.9 


062.7 
■ 184 
1734 


5-6 
5-5 


13a 
'3' 
'32 


42 178.8 


«84-3 
233.4 
291.8 


■89.7 
243-7 
297.1 


■ 95-' 
249-1 
302.4 


200.6 
254.5 
307.6 


206.0 
259.8 
312.9 


211.4 
265.. 

318.2 


216.8 
270.5 
323.5 


275.8 
328.7 


227.6 
281,1 
334.0 


54 
5.3 
5.3 


133 
"34 
'35 


42 339.2 
39I-4 

443-° 


344.5 
396.6 
448.1 


349-7 
401.8 
453-2 


355.0 
406.9 
458.3 


360.2 

412.1 

463-4 


365.4 


370.6 
422.4 
473.6 


375-8 
427.6 
478.7 


38..0 


386.2 


5.2 
5.2 
5.1 


136 

-.11 


42 493.9 
544.4 
594-3 


499.0 
549-4 
599.2 


504.1 
lltt 


509.1 


514.2 

6 it? 


5 '9.2 
569.4 

6ig.o 


524.3 
574.4 
624.0 


529.3 
5794 
628.9 


534-3 

Si 


5394 


5.0 
5.0 
4.9 


139 
140 
141 


4a 643 
692 
741 




648.6 
697.5 
746.0 


653-5 
750-8 


658.4 
707.2 
755-7 


663.3 
712.1 
760.5 


668.2 
717.0 
765.3 


673-1 
721.8 
770.1 


678.0 
726.7 
774.9 


682.9 
731-5 

779-7 


687.8 

]f4 


4.9 


142 
143 
144 


42 7S9 
837 
S84 




794-1 
841-8 
889-1 


798.9 
S46.6 
893-8 


803.7 
85 '-3 
898.6 


808.5 
856.0 
903-3 


813.2 
860.8 
90B.0 


818.0 
865.5 
912.7 


822.8 

870.2 

917.4 


827-5 
875.0 
922.1 


832.3 
879.7 
926.7 


4.8 
4.7 
4.7 


147 


42 931 
97H 

43 f24 




029.1 


940.8 
987-4 
033-7 


945-5 
992.1 
0J8.4 


950.1 
995.7 
043-0 


954.8 
001.3 
047.6 


959-5 
052.2 


964.1 
010.6 
056.8 


968,8 


973.5 
019.9 
066.0 


•i 


^H^ ^^K '^i 


■ 





1 


(L) Table of Values of T,. H 


V 


« 


> 


' 


3 


4 


5 


6 


7 


8 1 9 


m 


T; 


•«•. 


•«i 


KB. 


,„, 


•«>. 


~^ 


^^ 


KCt 


KH. 


«Q. 


Tl 




.48 
149 


432. 2509 
381S 
3123 


3153 


2571 

ill 


2602 
2910 
32'4 


a633 
2940 
3^44 


2664 

297: 
3274 


2695 
3001 
33^4 


2726 
3032 

3334 


2757 
3062 

3364 


3787 
3093 

3394 


31 
30 
30 




■ 


15' 
153 


372J 
4016 


3454 

375' 
4046 


34S4 

378i 
4075 


35'4 
38.0 
4104 


3S4J 
3840 
4'33 


3573 
3S69 
4162 


3603 
3S99 
4192 


3633 
3928 
4221 


3662 
3958 
4250 


3692 

39S7 
4279 


30 
29 
29 




1 


'54 


232- 4308 


4337 
4625 
49" 


4366 
4654 
4939 


4967 


4424 
47" 
4996 


4453 
4740 
5024 


44S1 
4768 
5052 


45 10 
4797 


4539 

4^25 

S'oS 


5'37 


29 
29 






lis 

■59 


IJ7. 5165 

5444 
57JI 


5'93 

5472 
574S 


5221 

S50O 
5776 


5M9 
55^3 
5803 


5^77 
5555 
5S3' 


5305 

list 


5S85 


536' 
5638 
59 "3 


5940 


5416 


28 
27 






160 
161 
161 


''-lilt 
6533 


6022 

6292 
6560 


6049 
6319 
6586 


6076 
6346 
6613 


6103 
S3 73 
6640 


6130 
6666 


6T57 
6426 
6693 


6184 
6453 
6719 


6211 
64S0 
6745 


6238 
6506 
6772 


27 

11 






163 

164 
.65 


132. 679B 
706. 
73»o 


6815 
7087 
7346 


685. 
7"3 
7372 


6877 


6903 
7165 
7423 


6930 
7191 
7449 


6956 
7217 
7475 


6982 
7243 
7500 


7008 
7268 
7526 


7°34 
7294 
7552 


2& 


i 




166 
167 

t6S 


232- 7577 


7603 
7857 
8109 


7628 
7882 
S134 


7654 

in 


7679 


7705 
7958 
8209 


7983 
8234 


7756 
8008 
8258 


77S. 
8034 
3283 


7806 
8059 
8308 


25 

=5 


m 




169 
170 
171 


«3!. »333 


8358 
8604 
8848 


8872 


8407 


892. 


8457 
8702 
8945 


S481 
8726 
8969 


8506 
875' 
S993 


853' 
8775 
9017 


8555 
8799 
9041 


25 
34 
24 


J 




171 

'73 
174 


232. 9065 
9304 

9541 


9089 
9328 
9565 


9"3 


9137 
9376 
9612 


9161 
9399 
9635 


9185 
9423 
9659 


9209 
9682 


9233 
9470 
9705 


9257 
9494 
9729 


9281 
95,8 
9752 


23 


1 




'75 
.76 
177 


232. 9776 

233. 0008 
0237 


9799 
0260 


98j> 

S5 


9845 
OOJ7 
0306 


9809 
0329 


9S92 

01 2J 
035' 


99' 6 
DT46 
°374 


9938 
0.69 
0397 


9961 
0420 


9985 

02tS 

0442 


23 

23 
23 




■ 


17S 
179 
I So 


233. 0465 
0690 
0913 


0488 
0713 

093s 


0510 
073s 
095S 


0533 
D757 
09S0 


0555 
0780 


0578 
0802 


0600 
0824 


0623 


0645 
0869 
1090 


d663 


23 

22 




w 


iSi 
182 
'83 


233- "34 
'353 
1569 


.156 
1375 
1591 


U7S 
1396 
:6i3 


I41S 
'634 


1440 
1656 


.677 


1266 
14S3 
1698 


1287 
1505 
1720 


'309 
1526 
1741 


1331 

'548 
'763 


s 






184 


233- '7S4 
'997 
2207 


1805 
2228 


1827 
2039 
2249 


1S48 
2060 
2270 


1S69 
2081 
2291 


1891 
2312 


1912 
2123 
2333 


■933 
2144 
2353 


'954 
2165 
2374 


2?^ 
2395 


21 






.87 
188 
.89 


233- 24'6 
2613 
2S28 


2437 
Itti 


2457 
2664 
2S69 


2685 
2889 


2499 
2705 
2909 


2520 
2726 
2930 


2540 
2746 
2950 


2561 
2767 
2970 


2582 
2787 
2991 


2602 
30" 


20 




1 


190 
191 
192 


233- 3031 
3233 
3432 


3051 
3^53 
3452 


3072 
3273 
3472 


3092 
3293 
349Z 


3112 

33'3 
35" 


3132 
3333 
3531 


3152 
3353 
355' 


3'72 
3372 
357' 


3192 
3392 
3590 


3212 
34'2 
3610 


i 




1 


193 

'94 
'95 


233- 3630 
38^5 
4019 


3S49 
3845 
4038 


3669 
3864 
4057 


3689 
3884 
4077 


3708 
3903 
4096 


372S 

3922 

4"5 


3747 
3942 
4'34 


3767 
39'^' 
4153 


3786 
39S0 
4' 72 


3806 
4000 
4192 


19 

'9 




■ 


^^^. ^^^^M 


1 



■ 




1 


(M) Table of Values of S^. ;■ 


V 





1 


- 


3 


4 


5 


6 


7 


8 


9 


DiK 


149 
150 


43 070.6 
1 16.4 
162.0 


07S-2 


079.8 
.25.6 
1 7 1.0 


r«i. 

0844 
130.1 
175-6 


tat. 
089.0 


093.5 
139.2 
1 84.6 


09a., 
'43.8 
189.3 


f«t. 
102.7 
148.3 

193-7 


107.3 
152.9 
198.2 


111.S 

'57-4 
202.7 


T 
4.6 
4.6 

4-S 




151 
'S3 


43 207-2 
252-3 
297.3 


2M.S 

256.8 
301.7 


216.3 
306.2 


220.8 
265.8 
310.6 


225,3 
270.3 
315-' 


229.8 
274.8 
319.6 


234-3 
279-3 
324.1 


238.8 
2a3.8 
328.S 


243-3 
388.3 
333-0 


347.3 
292.S 
337-5 


4-5 
4-S 
4-5 




"54 

IP 


43 342-0 
386.5 
430-9 


3464 
391.0 

43S'3 


350-9 
395.4 
439.8 


355-3 
399-9 
444.2 


359-8 


364.3 
408.7 
453-0 


368.7 
4'3-2 
457-4 


373-2 
417.6 
461.9 


377-6 
422.0 
466.3 


3S2.1 
426.5 
470.7 


4.5 
4.4 

44 




157 
158 
IS9 


43 475-' 
5'9-' 
563-D 


479-5 
5f3.5 
567-3 


483-9 
527-9 
571.7 


488.3 
532-3 
576.1 


492.7 
536.7 
5^0.4 


497.1 

54'. 1 
584.8 


501.5 
545-4 
589-1 


505.9 
549.8 
593-5 


5 '0-3 
554-2 
597-9 


5'4-7 


4.4 
4.4 
4.4 




160 
>6i 

162 


43 606.6 
650.0 
693-3 


610.9 


701-9 


619.6 
706.2 


624.0 
667.3 
710.5 


628.3 
671.6 
714.8 


632.6 
6;6.o 
719-1 


7234 


641.3 
6S4.6 
727-7 


732.0 


4-3 
4.3 
4.3 




■65 


43 736.3 
779.2 
821.9 


740.6 
783.S 
826.2 


744-9 
787-8 
830.4 


749.2 
792.0 
834-7 


796.3 
838.9 


757.8 
800.6 
843.2 


762.1 
804.9 
847.4 


766.4 
809-1 

851 -7 


770.6 
8134 
855-9 


860.3 


4-3 

4.3 
4.3 




166 
167 
168 


949.0 


S6B:7 

911.0 

953.2 


872.9 
915-2 
957-4 


877-2 
9 '9-5 
961.6 


881.4 
923-7 
965.8 


885.6 
927-9 
970.0 


S89.9 
932-1 
974-2 


894.1 
936-3 
978.4 


898.3 
940-5 
982.6 


902.5 
944.7 
986.7 


4.2 

4.2 
4.a 




169 

I JO 

171 


43 990.9 

44 032.7 
074.3 


995.1 
036.9 
078.5 


999-3 
041.1 
082.6 


''03-5 


=07.7 
049-4 
090.9 


053-6 
095-1 


°i6.o 
057.7 
099.2 


061.9 
103-3 


024.4 
066.0 
107.5 


028.6 
070.2 
111.6 


4-2 

4-2 

41 




172 

173 


44 "5-7 
157.0 
19S.0 


"9.9 
161.1 


ii 


12S.1 
169.3 
210.3 


132-3 

173-4 
214.4 


136.4 
'77-5 
21S.5 


222.6 


144-6 


148.7 
189-8 
230.8 


152.9 
'93-9 
234-8 


4.1 

4.1 

4-1 




"77 


44 238.9 
279-6 
320.2 


243.0 
283.7 
324-2 


247.1 
287.8 
328.3 


332-3 


255-3 
295-9 
336-4 


2S9-3 
300.0 
340.4 


2634 
304.0 
344.4 


267.5 

308.0 
348.S 


271-5 

3I2-' 

352-s 


275-6 
316.1 
356-S 


4-1 

4-1 
4.0 




178 
179 
iSo 


44 360.5 
400.7 
440.8 


364-6 
404.7 
444-7 


368.6 
408.8 
448.7 


372.6 
412.8 
452.7 


376-6 
416.8 
456.7 


380.7 
420.8 
460.7 


464.7 


388.7 
418.8 
468.7 


392.7 
432.8 

473.6 


396.7 
436.8 
476.6 


4.0 
4.0 
4.0 




181 
182 
183 


44 4S0.6 
520.3 
559.8 


484-6 
524-2 
563.7 


488.5 
528.2 
567.7 


492.5 
532-2 
571.6 


496.5 
536-1 
575-6 


500.5 
540.1 
579.5 


504-4 
544.0 
5834 


508.4 

54S.O 

5«7-4 


512.4 
551.9 
591.3 


516.3 
555-9 
595.2 


4.0 
4.0 
3-9 




184 
'85 

186 


677.4 


603.1 
642.3 
6S1.3 


607.0 


610.9 
689:1 


614-9 
654.0 
693.0 


61S.8 
696.9 


622.7 
66 1. a 
700.8 


6z6.6 
665.7 
704.6 


630.5 


634-4 
673-5 
712-4 


3-9 
3-9 
3-9 




187 

iSS 

1 89 


44 716.3 
75S-0 
793-7 


720.2 
758.9 
797.5 


724.1 
762.8 
80. .4 


737.9 
766.7 
S05.2 


731.8 


735-7 
774-4 
lj[2.g 


81 6.8 


S2O.6 


747-3 
786.0 
824-5 


751.2 

IK 


3-9 




190 


44 832.2 
870,5 
908.7 


836.0 
874.3 
912-5 


916-3 


843-7 
882.0 
920,1 


923-9 


851.4 
889.6 
927.7 


855-2 
8934 
931.5 


859.0 
897-3 

935-3 


862.8 
901.1 
939-1 


866.7 
904.9 
942-9 


3-8 




193 
194 
'95 


44 946.7 
984-5 

45 02i.2 


025.9 


954.3 
992.1 
029.7 


958.. 

995-8 
033.4 


961.9 
999.6 
037.2 


965.7 
"03.4 
040.9 


9694 
007.1 
044.7 


973-2 
048.4 


977.0 
014-7 
052.1 


980.7 
018.4 
055-9 


3.7 




75 S_^^H 





(L) Table of Values of T,. 


V 





, 


2 


3 


4 


S 


6 


7 


8 


9 


«J 


f-» 


to. 


•eci. 


KCf. 


KO. 


tra. 


tta. 


itei. 


• CCS. 


«ca. 


tea 


+ 


i 


196 


233- 4^" 

4400 
4S88 


4230 

4419 
4606 


4625 


426B 

4457 
4644 


42S7 
4476 
4662 


43c* 
4494 
46S. 


4325 
4513 
4699 


4344 
453 1 
47'8 


4362 
4550 
473" 


438. 

4569 
4755 


19 
19 

19 


■99 


333- 4773 
49S6 
5'37 


479> 
4974 
S'55 


48:0 
4992 
5172 


4828 
5010 
5190 


4S46 
5028 
5208 


4S65 
SO47 
5226 


4S8J 
5065 
5244 


4901 
5083 
5262 


4920 
5101 

52S0 


4938 
SI19 
5297 


18 
18 
iS 




203 
104 


233. 5315 
5492 

5666 


S333 


5351 

SS»7 
5700 


5544 
57'7 


S386 
5561 
573S 


5404 
5579 
5752 


S421 
5596 
5769 


5439 
5614 
57S6 


5456 
56J' 
5803 


5474 

S648 

5820 


18 
'7 
■7 




107 


233- 5S37 

6007 
6174 


6024 
619; 


6207 


5888 
6057 
6224 


5905 
6074 
6240 


6257 


5939 

6107 
6273 


S956 
6124 
6290 


5973 
6141 
6306 


C323 


17 
17 

16 




209 


233. 6339 


6355 
65.8 
«,78 


6372 
6534 

6694 


6388 
65SO 
6710 


64^4 
6566 
6726 


6420 
6582 
6741 


6437 

6598 
2757 


^453 
6614 
6773 


6469 
6630 
67S9 


6485 
6646 
6S0S 


16 
16 
16 




213 


233. 6820 

6977 
7131 


6836 
6,9" 
7.46 


6852 
7008 
7.62 


6867 
7023 
7177 


68^3 
7039 
7192 


6899 
7054 
7207 


69.4 

7070 

722J 


6930 
70BS 
7238 


6946 
7100 
7253 


696. 
7116 

7263 


16 
'5 
'5 




114 

SIS 

216 


233- 7383 
7434 
7SS2 


7298 
7448 
7597 


73'3 
7463 
7612 


7329 
7478 
7626 


7344 
7493 
7641 


lis 

76S6 


7374 
7523 
7670 


7685 


7404 
7552 
7700 


74 '9 
7567 
77H 


IS 1 
'S 

»s 




217 

31S 


233- 7729 
7874 
gai6 


803. 


7758 
7902 
8045 


7772 
7917 
8059 


7787 
793' 
8073 


780. 
7945 
8087 


7S16 
7960 
8101 


7830 
7974 

8ns 


7845 
7988 
8:29 


7859 
S002 
8144 


>4 
14 

«4 




E 


433. 8158 
8297 
8435 


Si 72 
831 1 

844S 


SiS6 
S325 
8462 


8100 
8338 
8476 


8214 
8352 
8489 


8366 
8503 


8241 
8380 
85>7 


8255 
S394 
8530 


8269 
8407 
8544 


8283 
842. 
8557 


14 
'4 
14 




2*3 
224 
225 


"33- 857" 
S705 
SS38 


8584 


8598 
8732 
8864 


8611 
S745 
8877 


8625 
8758 
8890 


8638 
8772 
8903 


8651 
8785 
8916 


8665 
8798 
8930 


8678 
8811 
8943 


8G92 
8824 
8956 


■3 

'3 
'3 


1 


236 
227 

22g 


233. 8969 
909S 
9226 


8982 
9111 
9239 


S995 
9124 
9252 


9008 
9264 


9021 

9150 
9277 


9034 
9162 
9290 


9047 
9175 
9303 


9J'5 


9072 
9201 
9328 


9085 
9213 
9341 


13 
'3 

13 


1 


229 
230 
231 


233. 9353 
9479 
9604 


9366 
9492 
96,7 


93 78 
9504 
9629 


9351 


9404 
9529 
9654 


9416 


9429 
9554 
9679 


9441 
9567 
9692 


9454 
9579 
9704 


9467 
9592 
9716 


'3 
'3 


1 


233 
234 


233- 9729 
9853 
9977 


9741 

9S66 
99S9 


ti 


9766 
9890 

aOI4 


9779 
9903 


9791 
9915 
0039 


9S0J 
9927 
0051 


9816 
9940 
=063 


9828 
9952 
=076 


9S4. 
9965 
°o88 


:^ 


1 


337 


234. 0100 
0223 
0346 


0358 


0370 


0383 


01 so 
0272 
0395 


or 62 
02S4 
0407 


0174 
0297 
0419 


0186 
0309 
0431 


0199 
0321 
0444 


0334 
0456 


'i 




238 
239 
240 


234- 046S 
0590 
0711 


04S0 

O502 

0724 


0492 
06,4 
0736 


074S 


0517 
0639 
0760 


0529 
0651 
0772 


o56i 
0784 


0675 
0796 


056C. 
06S7 
0S09 


0578 
0699 
0S21 


11 




241 
242 
243 


234- 0833 
09S4 
1074 


1087 


0857 
097S 
1099 


0869 
□990 


1123 


0893 
1014 
"35 


0905 
1026 
"47 


"59 


0930 
1050 
1171 


0941 
1062 
.183 


\l 




la fl 


^^^^^H ^M 
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(M) Tarle of Values of S^. ■ 


V 





1 


2 


3 


4 


5 


6 


7 


8 


9 


Diff. 


f-. 


f«i. 


fr«. 


r»i. 


fc«. 


fe«. 


r«t. 


f«i. 


feel. 


r«i. 


fc=i. 


+ 




196 
197 
198 


45 059-6 
096.9 
'33-9 


063.4 
100.6 
'37.5 


067.1 
104.3 
141.2 


070.8 

ioa.o 
144.9 


074.6 
111.7 
148.6 


073.3 
U5.4 
'52.3 


082.0 
156.0 


Si 

159,6 


0S9.4 
.26.5 
163-3 


093.1 


3-7 
3.7 
3-7 




199 


45 '70.6 
207.1 
243-3 


'74.3 
210.7 
246.9 


177.9 
2143 
250.5 


181.6 
254^1 


1S5.2 
221.6 
257.7 


i8S.g 
225.2 
261.3 


■92-5 
228.8 
264.9 


196.2 

232.5 
26S.5 


199.8 
236.1 
272.1 


203.4 
239.7 

275-7 


3-6 
3-6 




S03 

!104 


45 379.2 
3 '4-9 
350-3 


282.8 
31 8.5 
353.8 


2S6.4 
322,0 
357-3 


290.0 

325-6 
360.9 


293.6 
329.1 

364.4 


297.2 
332-7 
J''7-9 


300-7 
336.2 
371-4 


304.3 
339.7 

374-9 


307-S 
343-3 
378-4 


3 '1-4 

346.8 
381.9 


3-6 
3.5 

3-5 




ao7 


45 335-4 
420.2 

4547 


388.9 


392.4 
427.1 
461.6 


395.9 
430-6 
465.0 


399-4 
434-1 
468.4 


402.9 
437-5 
471-9 


406.3 
441-0 
475-3 


409.8 
444-4 
478.7 


413-3 
447.8 
482.1 


416.7 
451.3 
4S5.5 


3-5 
3-5 
3-4 




808 
«09 


556.4 


492.3 
526.2 

559-8 


495-7 
529.6 
563.1 


499.1 
532.9 
566.4 


502.5 
536.3 
569.8 


505-9 
539-7 
S73-' 


509-3 
543-0 
576.5 


5 '2.7 
546.4 
579-8 


516-1 


5 '9-4 
5864 


3.4 
3.4 
3-3 




*'3 


655-5 


658.8 


662.0 


599-7 
6j2.6 
665-3 


603.0 
635-9 
668.6 


606.3 
639-2 
671.8 


609.6 
642.5 
675-> 


612.9 

645.7 
678.3 


6r5.2 
649.0 
681.5 


619.5 

tin 


i-i 

3-3 
3-2 




S14 


45 688.0 
720.2 

752.2 


691.2 
723.4 
755-4 


694J 
726.6 
758.6 


697.7 


700.9 
764.9 


704.2 
736.3 
768.1 


707.4 
739-5 
77 '-3 


742.6 
774-4 


713.8 
745.8 
777-6 


717.0 
749.0 

7S0.8 


3-2 
3-2 

3.2 




S5 

219 


45 783-9 
815.4 
846.6 


787.1 
818.5 
849-7 


821,6 
852.8 


793-4 
824.8 
855-9 


796.6 
827.9 
859.0 


799-7 


S02.9 
834.1 
865.2 


806.D 
837.3 
S68.3 


809.1 
840.4 
871.4 


SI2.2 

843-5 
874.4 


3-1 
3.1 
3-1 




aio 

231 


45 877-5 
908.3 
938-7 


8So,6 


883.7 
914.4 
944-8 


SS6.S 
9' 7.4 
947-8 


889.9 
920.5 
950.9 


893.0 
923-6 
953-9 


S96.0 
926.6 
956.9 


899-. 
929.6 
959-9 


902.1 
932-7 
963-0 


905.2 

935-7 
966.0 


3-1 
3-0 
3-0 




233 

224 
225 


45 969-0 
999-0 

46 028.7 


972.0 

031 -7 


975.0 
004-9 
034.6 


978.0 
007.9 
037.6 


981.0 
010.9 
040.6 


984.0 
"'3-9 
043.6 


987.0 
= .6.9 
046.S 


990.0 
".9.8 
049-5 


993-0 
022.8 
052.4 


996.0 
025.8 
055-3 


3-0 
3-0 
3-0 




216 
227 
2Z8 


46 058.3 
087.6 
116.7 


061.2 
090.5 
119.6 


064. 
093-4 

122.5 


067.. 
096,3 
'25-4 


070.0 
099.3 
.28.3 


072.9 

i3'-2 


075-9 
105.1 

'34' 


078.8 
108.0 
137.0 


U0.9 
139-9 


084.7 
113-3 

142.3 


2.9 
2.9 
2.9 




229 
230 


46 145.7 
174.6 
203.S 


148.5 
'77-5 
206.4 


'5".5 
180.4 
209.3 


154.4 
1S3.3 


'57-3 
1S6.2 
215.0 


l60.2 

217.9 


163.T 


166.0 
194-8 
223-7 


168.8 
226;6 


171.7 

200.6 

229.5 


2-9 
2.9 

2-9 




232 

233 
234 


" Si 

290,1 


293.0 


238.. 
267.0 
295-9 


ii 


243-9 
272.8 
3°i-7 


246.S 

^5-7 
304-6 


249-7 
278.6 
307.5 


252.6 
281.5 
310-4 


313-3 


316.2 


2.9 
2.9 
2.9 




2J6 

^37 


46 319.0 
34S.0 
3770 


312.0 
350-9 
379-9 


jil 


327-7 


330-6 
359-6 
3S8.6 


333-5 
362.5 
391-5 


336.4 
365.4 
394-4 


397-3 


342.2 
37'-2 
400.2 


345.1 
374.1 
403.1 


2.9 

2.9 

2.9 




23S 
240 


"B 


408.9 
43S-0 
467.1 


41I.S 
440.9 
470.1 


473.0 


417-7 
446.8 
475-9 


420.6 
449.7 
478.8 


423-5 


426,4 
455.5 
484.6 


429-3 
458-4 
487-6 


490.5 


2.9 
2.9 

2.9 




241 
242 
243 


46 493.4 
522.5 

55 '-9 


554-9 


557-8 


502.2 
53'-4 
560.7 


505.1 
534-3 
563-7 


SoS.o 
537.3 
566.6 


5'o.9 
540.2 
569-5 


513-8 
543-' 
572-5 


516.8 
546.1 
575-4 


519.7 
549-0 
578.3 


2.9 

2.9 

2.9 


■ 


^■j^^^H^^^^^I 
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1 -M 

{D Table of Values of T^. ■ 


V 





' 


« 


Ij 1 4 


5 


6 


7 


8 


9 


t-. 


«.». 


.«.. 


"k^ 


««. 


>«a. 


«o. 


„„. 


T(^ 


,™. 


"i^" 


■ 


'44 

III 


234. 119s 
■3'S 
'435 


120; 

'3=7 
'447 


1219 
'339 
"459 


123' 

'35' 
1471 


'243 
'363 

'483 


1255 

'375 
■ 495 


1267 
'387 

.506 


'279 
'399 
1518 


1291 
141 1 
1530 


1303 li 
'4*3 '* 
154a "' 


1 


147 

m 


a34- 1 554 
1673 
1792 


1566 
168s 
1804 


'578 


1590 


1502 


16,4 

\ll'. 


1626 
'744 
1363 


.638 
I7S6 
1S74 


1649 
.76S 
.886 


166. ,a 


■ 


1 


a34- 1910 

2027 
2144 


1922 

2039 
2156 


'93i 

IT, 


1945 
2062 
2179 


1957 
2074 
2190 


'969 
20S6 


19S0 
2097 
2214 


'992 
2109 
2225 


2004 
2237 


2Q1S 12- 

lis a 




aS3 
255 


234. 2260 
3375 
2490 


III: 

250. 


22S3 
239S 
=5 -3 


2=95 
2410 
2524 


2306 
2421 
2535 


23 IS 
2433 
2547 


2329 
=444 
=SSB 


2341 
=455 
2569 


235 = 
2467 
2581 


2592 II 




156 

=57 
=58 


234. 2603 
2716 


2615 
2727 

;i838 


2626 
2738 
2849 


2637 


2760 
2S71 


2660 

III'. 


2783 
2893 


26S2 

2794 
2904 


2693 
2805 
=9'5 


2705 '1 
2816 II 




261 


134- 8937 
3046 
3154 


2948 
3057 
3 165 


2959 
3068 
3176 


2970 


29S1 
3090 

3'97 


2992 
3208 


3003 
3111 
3 = '9 


30'4 

3122 
3229 


302s 
3'33 
3240 


3036 n 
3144 i» 
3250 i« 




262 

263 
264 


234. 3261 

3367 
3471 


3272 


3282 
338S 
3492 


3293 
3398 
3502 


3303 
3409 
35'3 


33'4 
34<9 
3523 


3325 
34=9 
3533 


3335 
344a 
3544 


3346 
3450 
3554 


3564 lO 




265 
266 
a6j 


J34- 3574 
3677 
3778 


3585 


3595 
3697 
379S 


3605 

IS 


36r5 

SIS 


3626 
37=8 
3828 


3636 

nil 


3646 


3656 

Hi 


3667 10 

IlilS 




1 


»34- 3878 
3977 
407s 


3888 
39S7 
40S5 


339S 
3997 
4095 


390S 
4007 
4105 


39'8 
4017 
4114 


392S 
4027 
4124 


3938 
4036 
4134 


3948 
4046 
4143 


3958 
4056 
4153 


3968 .0 

4066 10 
4163 10 




271 

272 
373 


234. 4172 
4268 
4363 


4182 
4278 
4373 


419= 
4=87 
43S2 


4J01 
4297 
4392 


4211 

4307 
4401 


4=20 
43=6 


4230 

4326 
4420 


4240 
4335 
4429 


4=49 
4344 
4439 


4259 10 

4354 10 
4448 9 

454' 9. 
4633 9. 
4725 9 




274 


334- 4457 
455' 
4643 


4560 
4653 


4569 
4661 


44S5 
4578 
4670 


S5 
4679 


4S''4 
4597 
46S8 


:i;i 

4697 


4523 


453= 
4624 

47 '5 




277 
278 
279 


234- 4734 
4824 
49 '3 


4743 
4833 
4922 


475= 
484= 
4930 


4761 
4850 
4939 


4770 

4859 

4948 


4779 
4S68 
4957 


4788 
4S77 
4965 


tltl 

4975 


4S06 
4895 
4983 


481s 9. 
4904 9 
4992 9 




380 
281 
282 


234. sooi 
5088 
5' 74 


5010 
5097 
5 '83 


5018 
5105 
5191 


5027 
S"4 
5200 


503IJ 
5123 

5208 


SC45 
S131 

5217 


5053 

5'4o 
5226 


5062 
514S 
5234 


5071 
5157 
5243 


5080 9 
5166 9, 
525' 9 




=83 
284 
=85 


234. 5260 
5344 
5427 


526S 
535= 
5436 


5277 
536' 
5444 


5285 
5369 
5452 


5293 

537K 
546. 


53'== 
5386 
5469 


53'° 
539+ 
5477 


5319 
5403 
548S 


5327 
54" 
5494 


5336 8 
54'9 8 
5S02 8 




386 
287 
288 


234. 55 '0 
5592 
5^73 


56CO 
568, 


5527 
5608 
S689 


5535 
5616 
5697 


lis 

5705 


SSS' 
563= 
5713 


5559 
5641 
5721 


5567 
5648 
5729 


5576 
5657 

5737 


lf4 1 

5745 8 


ft 


289 
ago 
291 


5910 


576. 
5840 
59' 8 


IS 

59=6 


5777 
5856 
5934 


5785 
5S64 

5942 


5793 
587- 
5949 


5800 
5879 
5957 


580S 
5887 
5965 


58.6 
5895 
5973 


5824 8 
5980 8 


1 


^^^^^^^^^jl^^ 
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(M) Table of Values of S^,. H 


V 





I 


' 


3 


4 


5 


6 


7 


s 


9 |Dig- 


244 

246 


fcst. 

46 581.3 
610.6 


B 
643.0 


fcot. 

6i6!5 
645-9 


619.5 
648.9 


65 1.8 


fKl. 
596-0 
625-3 
654.8 


i5 

657-7 


feet. 
6d:.8 

660^6 


604.8 

634-2 

663.6 


f«i. + 
607.7 2.9 
637-' 2.9 
666.5 2.9 




247 
24S 
349 


728.4 


672.4 
701.9 
731.3 


675.4 
704.S 
734-3 


678.3 
707-8 
737-2 


710.7 
740.2 


684.2 
713-7 
743.' 


6S7.2 
716.6 
746.1 


690.1 
719.6 
749.0 


693.0 
722.5 
752,0 


696.0 2.9 
725.5 2.9 
754-9 2.9 




251 

252 


46 757-8 
787-3 
Si 6.6 


760.7 
790.2 
819.6 


763.7 
S22.5 


766.7 
7961 
825,4 


769.6 
799.0 
828.4 


772.6 
802.0 
831-3 


775.S 
804.9 
834.2 


778.4 
807.S 
837.1 


781.4 

aio.8 
840., 


784.3 2.9 
813-7 2.9 

843-0 2-9 




'53 
255 


46 845.9 
875-' 
904.3 


84S.8 
878.. 
907.2 


910.1 


854.7 
S83.9 
913.0 


857-6 
SS6.S 
915.9 


860.5 


863.5 
892.6 
921.7 


866.4 
895-6 
924.6 


B69.3 
89E.5 
927-5 


872.2 2.9 
901.4 2.9 
930.4 2.9 




256 


46 933-3 
962.2 
990.9 


936.2 
965.0 

993-7 


939-1 

SI 


942-0 
970.8 
999-4 


944-9 
973-7 
002.3 


947-8 
976-S 
005.1 


950.6 


953-5 


ti 

°i3-7 


959-3 2.9 
9S8.0 2.9 
= 16.5 2.9 




261 


47 o'9-4 
047.7 
075-8 


ii 


025.0 

&1 


027.9 


030.7 
087.0 


033-5 
061.7 
089.7 


036.4 
064.5 
092.5 


067.4 

09S-3 


042.0 
070.2 
098.1 


044.8 2.8 
073.0 2.8 

100.9 2.8 




36x 
163 
264 


47 103.7 
'3'-4 
158-9 


106.5 

•.if, 


109.2 
136.9 

164.4 


139.7 
167.. 


114-8 
142.4 
169.9 


1:7.6 
145-2 
172-6 


120.3 
147.9 
1754 


123.1 


125-9 
1534 
180.8 


128.6 2.8 
.56.2 2.8 
183-5 2.7 




267 


47 i8e.3 
'134 
240.4 


189-0 
216.1 
243-' 


245.8 


194.4 


197.1 
224.2 
251-2 


199.9 

Hi 


202.6 
229.6 
256.5 


205.3 
'32.3 
259.2 


208.0 
235-0 
261.9 


210.7 2.7 
237-7 2.7 
264.5 2.7 




268 
270 


47 267.2 
293.8 
320.2 


269.9 
296.5 

322.9 


272-5 
299.1 
325-5 


275.2 

301. s 
328.1 


277-9 
3044 
330-8 


280.5 
307-1 

333-4 


283.2 
^3^:0 


285.9 


2S8.5 
315-0 
341.2 


291.2 2.7 
317.6 2.6 
343.9 2.6 




271 
272 

273 


47 346.5 
372.S 
398-4 


349-1 
375.1 
401.0 


35'.7 
377-7 
403.6 


354.3 
380.3 
406.2 


356.9 
382.9 
40S.7 


359.5 
38S-5 
411-3 


362.1 
388.1 
413-9 


364-7 
390-7 
416.4 


367-3 
393-3 
419-0 


369-9 2-6 
395-8 2-6 
421.6 2.6 




274 
276 


47 424-1 
449-7 
475-0 


426.7 
452.2 
477.5 


429-3 
454-8 
480.1 


43 ".8 


434-4 
459-8 
485.1 


436-9 
46Z.4 
487-6 


439.5 
464-9 
490.1 


442.0 
467-4 
492.7 


444-6 
470.0 
495.2 


447.1 2.6 
472.5 2.5 
497.7 2.5 




277 
278 
279 


47 S^-2 

5'5.^ 
550.0 


502.7 
5^7-7 
55'-4 


505.2 
530.1 
554-9 


507.7 
532.6 
557.4 


510.2 

535-' 
559-9 


512.7 

537.6 
562.3 


515-2 

540. 1 
564-8 


542.6 
567.2 


520.2 
545-0 
569-7 


522.7 2.5 
547-5 2-5 
572.2 2.5 




280 
281 
282 


47 574.6 
599-0 
623-3 


625.7 


579-5 
603-9 
628.2 


6d6!4 
630.6 


584.4 
608.S 
633.0 


6354 


613.6 
637.8 


640.2 


594-2 
6.S.5 
642.6 


596-6 2.4 
620.9 2.4 
645.0 2.4 




283 
284 
285 


47 647-4 
6951 


649.S 
673-7 
697-5 


652.2 
676.1 
699.8 


654-6 
678.5 
702.2 


657.0 
680.9 
704.6 


659.4 
6S3-3 
706.9 


661.8 
685.6 
709-3 


664-2 
71116 


666.6 
690.4 
714.0 


669.0 2.4 
692.7 2.4 
716.4 2.4 




286 


47 7'8.7 
742-1 
765-4 


721,1 
744.5 
767.7 


723-4 
746.8 
770.0 


725-8 
749.1 
772,4 


728.1 
751.5 
774-7 


73r>4 
753-8 
777.0 


732-8 
756.1 
779-3 


735-1 

Hi 


737-5 
760.8 
783-9 


739-8 2.3 

763-1 2.3 

786.2 3.3 




289 
290 
291 


47 788.5 
S11.3 

834.3 


IT,', 

836.5 


7931 
816.0 
838.8 


7954 
81S.3 
841.1 


797-7 
820.6 
S43.3 


800.0 
822,9 
S45.6 


802.3 
825.2 
847-9 


S04.6 
S27.4 
850.1 


S06.9 
S5M 


809.2 1 2.3 


k 


^^^ 


^ 



Log 
■ |(Py-Py.-i) 



Lc^ Log 



8, 7(9 09 
8. 719 61 
8. 710 67 

■ 7M 39 

■ 7'7 "4 



9. J" .. 
9. 3*3 80 



•). 029 66 
9. OJ3 ' 
9. 037 I 



!. S82 95 
1. 897 09 
1. 911 88 

!- 927 33 
I. 943 46 
!. 960 2 



■ »39 58 
'5' S3 
164 09 

177 *s 

191 n 

I. 205 58 

320 71 
236 50 



I. 3J8 44 
I. 342 98 
I. 348 d6 

>■ 353 69 

359 87 

I. 366 61 



, 429 70 
■ 453 04 
, 465 6 
, 478 84 
, 492 69 



>. 014 95 
I, 0j4 64 



I- 09S 37 
144 91 



"I 42 
I 67 



9- 3*5 94 ! 
9- 346 03 
9. 366 87 

9. 3S8 52 ■ 
9- 410 97 

9. 434 26 ■ 

9. 458 40 ' 
I. 4S3 A 

>■ 509 33 ■ 

9. 535 la ■ 

9. 563 99 ■ 

9. 592 79 ■ 

9. 653 S' ' 

9. 6S5 49 . 

9. 752 93 ' 
9. 788 47 

9. 825 30 I 

9- 863 47 I 

9. 903 04 I 

9. 944 08 I 

I. 986 65 I 



>■ 79S 43 
I. S46 97 
I. 897 46 



(O) Tablf of Values of cos^^. 



1. 996 82 
>■ 995 03 
i. 992 84 



p. 87' 83 
I. S60 98 
I. S49 64 



- 755 72 
, 740 09 
. 7>3 87 



9. 707 OS 

9. 689 60 
9. 671 

9. 652 76 

9- ^33 34 

9. 613 2 

9. 592 3 

9. 57° 80 

9- 548 46 

9- 525 3" 

9- 5"> 35 

9. 476 53 



i 



V 



k^' 



J, 



